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Abstract	  
The	   halogen	   quench	   gas	   present	   within	   a	   Geiger-­‐Müller	   detector	   will	   govern	   its	  
operational	   lifetime.	  Such	  halogen	  gases	  are	  highly	  corrosive	  and	  are	  very	   likely	   to	  
interact	   with	   their	   surroundings.	   This	   factor	   must	   be	   taken	   into	   account	   when	  
designing	   GM	   detectors	   to	   extend	   their	   lifetimes.	   The	   quench	   gas	   depletion	   is	  
thought	   to	   be	   linked	   to	   the	   current	   resulting	   from	   the	   gas	   ionisation	   from	   each	  
detection	  event.	  As	   such,	  GM	  detector	   lifetimes	  are	   typically	   expressed	   in	  units	  of	  
total	   counts	   accumulated.	   At	   elevated	   temperatures,	   the	   molecules	   will	   possess	  
more	  thermal	  energy	  and	  become	  more	  likely	  to	  interact.	  To	  preserve	  the	  amount	  of	  
halogen	   gas	   in	   each	   detector,	   three	   different	   corrosion-­‐resistant	   techniques	   have	  
been	  considered	  for	   investigation;	  the	  samples	  used	  are	  ZP1200	  GM	  detectors	  that	  
consist	  of	  446	  stainless	  steel	  components.	  The	  surface	  treatment	  techniques	  used	  to	  
prepare	   each	   sample	   were	   labeled	   as	   “raw”	   for	   an	   oxygen	   plasma	   process,	  
“passivated”	   for	   a	   combination	   of	   a	   nitric	   acid	   passivation	   and	   an	   oxygen	   plasma	  
process	  and,	   finally,	  “plated”	   for	  a	  combination	  of	  a	  chromium	  plating	  process	  and	  
an	   oxygen	   plasma	   process.	   The	   effectiveness	   of	   each	   process	   has	   been	   studied	   at	  
temperatures	  of	  up	   to	  175	   oC.	  A	  Caesium-­‐137	   source	  was	  used	   to	  age	  all	  detector	  
samples	  by	  irradiating	  them	  with	  dose	  rates	  of	  1.3	  mSv/hr.	  32	  samples	  were	  aged	  at	  
room	   temperature	   and	   another	   32	   samples	   were	   aged	   in	   parallel	   at	   an	   elevated	  
temperature	   of	   125	   oC.	   At	   room	   temperature,	   all	   detector	   types	   produced	   stable	  
detectors	   with	   operational	   parameters	   that	   did	   not	   change	   significantly	   with	   age.	  
The	   plated	   samples	   did	   show	   an	   initial	   rise	   in	   their	   starting	   voltage	   (Vs)	  
measurements.	   At	   125	   oC,	   the	   plated	   detectors	   produced	   the	  most	   stable	   lifetime	  
performance	  after	  an	  initial	  Vs	  conditioning	  period.	  The	  passivated	  and	  raw	  detector	  
samples,	  however,	  showed	  a	  drop	  in	  their	  Vs	  values.	  Preliminary	  studies	  carried	  out	  
at	   175	   oC	   confirm	   the	   superiority	   of	   the	   chromium	   plating	   process	   at	   resisting	  
performance	  degradation	  at	  elevated	  temperatures.	  After	  investigating	  the	  surfaces	  
of	   the	   detector	   components,	   no	   changes	   with	   age	   in	   the	   bromine	   content	   were	  
observed.	  The	  plated	  cathodes	  showed	  no	  bromine	  deposits	  when	  investigated	  using	  
Energy	  Dispersive	  X-­‐Ray	  Spectroscopy.	  Bromine	  was	  detected	  on	  the	  passivated	  and	  
raw	  cathode	  surfaces,	  but	  its	  quantity	  remained	  unchanged	  with	  age.	  The	  impact	  of	  
Page	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contamination	   on	   the	   performance	   of	   gas-­‐filled	   radiation	   detectors	   was	   also	  
investigated	  in	  collaboration	  with	  the	  Institut	  Laue-­‐Langevin	  in	  Grenoble,	  France.	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  out	  for	  all	  surface	  
characterisation	  techniques.	  
Figure	  4.2:	  A	  characteristic	  x-­‐ray	  spectrum	  recorded	  by	  the	  EDX	  software	  for	  a	  
chromium	  plated	  metal	  sample.	  
Figure	  4.3:	  Expected	  SEM	  electron	  beam	  interaction	  volumes	  for	  different	  target	  
elements	  and	  impinging	  energies.	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Figure	  5.1:	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  diagram	  for	  jig	  used	  for	  GM	  detector	  ageing	  investigations.	  
Figure	  5.2:	  The	  SEM/EDX	  setup	  used	  at	  the	  University	  of	  Surrey.	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Figure	  6.1:	  A	  brush	  designed	  for	  use	  with	  an	  ethanol	  cleaning	  solvent	  to	  clean	  the	  
internal	  cathode	  surfaces	  of	  a	  large	  multi-­‐tube	  gas-­‐filled	  radiation	  detector.	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  Changes	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  Operational	  Parameters	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  7.3:	  Changes	  in	  Operational	  Parameters	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  7.1:	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  with	  age	  for	  the	  plated	  ZP1200	  detector	  samples	  at	  
room	  temperature	  
Figure	  7.2:	  Starting	  voltages	  measured	  with	  age	  for	  the	  plated	  ZP1200	  detector	  
samples	  at	  125	  oC.	  
Figure	  7.3:	  Starting	  voltages	  with	  age	  for	  the	  passivated	  ZP1200	  detector	  samples	  
at	  room	  temperature.	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Figure	  7.4:	  Starting	  voltages	  measured	  with	  age	  for	  the	  passivated	  ZP1200	  detector	  
samples	  at	  125	  oC.	  	  
Figure	  7.5:	  Starting	  voltages	  with	  age	  for	  the	  raw	  ZP1200	  detector	  samples	  at	  room	  
temperature.	  
Figure	  7.6:	  Starting	  voltages	  measured	  with	  age	  for	  the	  raw	  ZP1200	  detector	  
samples	  at	  125	  oC.	  	  
Figures	  7.7:	  Plateau	  plots	  that	  have	  been	  taken	  for	  the	  room	  temperature	  plated	  
detectors	  as	  they	  were	  aged.	  
Figure	  7.8:	  Plateau	  slope	  values	  for	  plated	  ZP1200	  Geiger	  samples	  aged	  at	  room	  
temperature.	  	  
Figures	  7.9:	  Plateau	  plots	  that	  have	  been	  taken	  for	  the	  plated	  detectors	  aged	  at	  
125	  oC	  	  
Figure	  7.10:	  Plateau	  slope	  values	  for	  plated	  ZP1200	  Geiger	  samples	  aged	  at	  125	  oC.	  	  
Figures	  7.11:	  Plateau	  plots	  that	  have	  been	  taken	  for	  the	  room	  temperature	  
passivated	  detectors	  as	  they	  were	  aged.	  
Figure	  7.12:	  Plateau	  slope	  values	  for	  passivated	  ZP1200	  Geiger	  samples	  aged	  at	  
room	  temperature.	  
Figures	  7.13:	  Plateau	  plots	  that	  have	  been	  taken	  for	  the	  passivated	  detectors	  aged	  
at	  125	  oC.	  
Figure	  7.14:	  Plateau	  slope	  values	  for	  passivated	  ZP1200	  Geiger	  samples	  aged	  at	  125	  
oC.	  
Figures	  7.15:	  Plateau	  plots	  that	  have	  been	  taken	  for	  the	  room	  temperature	  raw	  
detectors	  as	  they	  were	  aged.	  
Figure	  7.16:	  Plateau	  slope	  values	  for	  raw	  ZP1200	  Geiger	  samples	  aged	  at	  room	  
temperature.	  
Figures	  7.17:	  Plateau	  plots	  that	  have	  been	  taken	  for	  the	  raw	  detectors	  aged	  at	  125	  
oC.	  
Figure	  7.18:	  Plateau	  slope	  values	  for	  raw	  ZP1200	  Geiger	  samples	  aged	  at	  125	  oC.	  
Figure	  7.19:	  Operating	  count	  rate	  measurements	  for	  all	  plated	  ZP1200	  Geiger	  
samples	  aged	  at	  room	  temperature.	  
Figure	  7.20:	  Operating	  count	  rate	  measurements	  for	  all	  plated	  ZP1200	  Geiger	  
samples	  aged	  at	  125	  oC.	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Figure	  7.21:	  Operating	  count	  rate	  measurements	  for	  all	  passivated	  ZP1200	  Geiger	  
samples	  aged	  at	  room	  temperature.	  
Figure	  7.22:	  Operating	  count	  rate	  measurements	  for	  all	  passivated	  ZP1200	  Geiger	  
samples	  aged	  at	  125	  oC.	  	  
Figure	  7.23:	  Operating	  count	  rate	  measurements	  for	  all	  raw	  ZP1200	  Geiger	  samples	  
aged	  at	  room	  temperature.	  
Figure	  7.24:	  Operating	  count	  rate	  measurements	  for	  all	  raw	  ZP1200	  Geiger	  samples	  
aged	  at	  125	  oC.	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Table	  8.1:	  Surface	  roughness	  parameters	  from	  un-­‐aged	  detector	  samples.	  
Table	  8.2:	  Surface	  roughness	  parameters	  from	  detector	  samples	  aged	  at	  room	  
temperature.	  
Table	  8.3:	  Surface	  roughness	  parameters	  from	  detector	  samples	  aged	  at	  125	  oC.	  
Figures	  8.1:	  SEM	  images	  of	  the	  plated	  internal	  cathode	  surfaces.	  
Figure	  8.2:	  Average	  bromine	  and	  oxygen	  elemental	  composition	  percentages	  for	  
the	  plated	  ZP1200	  detectors	  cathodes	  aged	  at	  room	  temperature.	  
Figure	  8.3:	  Average	  bromine	  and	  oxygen	  elemental	  composition	  percentages	  for	  
the	  plated	  ZP1200	  detectors	  cathodes	  aged	  at	  125	  oC.	  
Figures	  8.4:	  SEM	  images	  of	  the	  passivated	  internal	  cathode	  surfaces.	  
Figure	  8.5:	  Average	  bromine	  and	  oxygen	  elemental	  composition	  percentages	  for	  
the	  passivated	  ZP1200	  detectors	  cathodes	  aged	  at	  room	  temperature.	  
Figure	  8.6:	  Average	  bromine	  and	  oxygen	  elemental	  composition	  percentages	  for	  
the	  passivated	  ZP1200	  detectors	  cathodes	  aged	  at	  125	  oC.	  
Figures	  8.7:	  SEM	  images	  of	  the	  raw	  internal	  cathode	  surfaces.	  
Figure	  8.8:	  Average	  bromine	  and	  oxygen	  elemental	  composition	  percentages	  for	  
the	  raw	  ZP1200	  detectors	  cathodes	  aged	  at	  room	  temperature.	  
Figure	  8.9:	  Average	  bromine	  and	  oxygen	  elemental	  composition	  percentages	  for	  
the	  raw	  ZP1200	  detectors	  cathodes	  aged	  at	  125	  oC.	  
Figure	  8.10:	  Surface	  profiles	  for	  un-­‐aged	  detectors	  for	  each	  of	  the	  three	  surface	  
protection	  processes.	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Figure	  8.11:	  Surface	  profiles	  for	  detectors	  aged	  at	  room	  temperature	  for	  each	  of	  
the	  three	  surface	  protection	  processes.	  
Figure	  8.12:	  Surface	  profiles	  for	  detectors	  aged	  at	  125	  oC	  for	  each	  of	  the	  three	  
surface	  protection	  processes.	  
Figures	  8.13:	  SEM	  images	  of	  the	  metal	  anode	  surfaces.	  
Figures	  8.14:	  SEM	  image	  of	  the	  anode	  glass	  bead	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  measured	  with	  age	  for	  the	  plated	  ZP1200	  detector	  
samples	  at	  175	  oC.	  
Figure	  10.2:	  Starting	  voltages	  measured	  with	  age	  for	  the	  passivated	  ZP1200	  
detector	  samples	  at	  175	  oC.	  
Figure	  10.3:	  Starting	  voltages	  measured	  with	  age	  for	  the	  raw	  ZP1200	  detector	  
samples	  at	  175	  oC.	  
Figures	  10.4:	  Geiger	  plateau	  plots	  for	  the	  plated	  ZP1200	  detector	  samples	  at	  175	  
oC.	  
Figures	  10.5:	  Geiger	  plateau	  plots	  for	  the	  passivated	  ZP1200	  detector	  samples	  at	  
175	  oC.	  
Figures	  10.6:	  Geiger	  plateau	  plots	  for	  the	  raw	  ZP1200	  detector	  samples	  at	  175	  oC.	  
Figure	  10.7:	  Plateau	  slopes	  with	  age	  for	  the	  plated	  ZP1200	  detector	  samples	  aged	  
at	  175	  oC	  to	  accumulate	  a	  total	  of	  1.2	  x	  1010	  counts.	  
Figure	  10.8:	  Plateau	  slopes	  with	  age	  for	  the	  passivated	  ZP1200	  detector	  samples	  
aged	  at	  175	  oC.	  
Figure	  10.9:	  Plateau	  slopes	  with	  age	  for	  the	  raw	  ZP1200	  detector	  samples	  aged	  at	  
175	  oC.	  
Figure	  10.10:	  Operating	  count	  rate	  measurements	  for	  all	  plated	  ZP1200	  Geiger	  
samples	  aged	  at	  175	  oC.	  
Figure	  10.11:	  Ambient	  operating	  count	  rate	  measurements	  for	  all	  plated	  ZP1200	  
Geiger	  samples	  aged	  at	  175	  oC.	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Figure	  10.12:	  Operating	  count	  rate	  measurements	  for	  all	  passivated	  ZP1200	  Geiger	  
samples	  aged	  at	  175	  oC.	  
Figure	  10.13:	  Ambient	  operating	  count	  rate	  measurements	  for	  all	  passivated	  
ZP1200	  Geiger	  samples	  aged	  at	  175	  oC.	  
Figure	  10.14:	  Operating	  count	  rate	  measurements	  for	  all	  raw	  ZP1200	  Geiger	  
samples	  aged	  at	  175	  oC.	  
Figure	  10.15:	  Ambient	  Operating	  count	  rate	  measurements	  for	  all	  raw	  ZP1200	  
Geiger	  samples	  aged	  at	  175	  oC.	  
Figure	  10.16:	  Schematic	  diagram	  for	  gas-­‐analysis	  pump	  system	  to	  investigate	  the	  
depletion	  of	  halogen	  quench	  gas.	  
Figure	  10.17:	  The	  temporary	  gas	  analysis	  system	  used	  to	  qualify	  the	  capabilities	  of	  
the	  mass	  spectrometer	  head	  available	  at	  Centronic.	  
Figure	  10.18:	  Mass	  spectrum	  of	  pure	  argon	  gas.	  
Figure	  10.19:	  Mass	  spectrum	  of	  pure	  krypton	  gas.	  
Figure	  10.20:	  Mass	  spectrum	  of	  pure	  Xenon	  gas	  for	  the	  lower	  mass	  peaks.	  
Figure	  10.21:	  Mass	  spectrum	  of	  pure	  Xenon	  gas	  for	  the	  higher	  mass	  peaks.	  
Figure	  10.22:	  Mass	  spectrum	  of	  system	  contamination.	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Commonly	  Used	  Abbreviations	  and	  Terms	  
	  
V	  =	  Volts	  
	  
eV	  =	  electron-­‐volt	  
	  
GM	  detector	  =	  Geiger-­‐Müller	  detector	  =	  Geiger	  counters	  =	  Geiger	  detectors	  
	  
ILL	  =	  Institut	  Laue-­‐Langevin	  in	  Grenoble,	  France	  
	  
SEM	  =	  Scanning	  Electron	  Microscope	  
	  
EDX	  or	  EDS	  =	  Electron	  Dispersive	  X-­‐ray	  Spectroscopy	  
	  
cts	  =	  counts	  
	  
cps	  =	  counts	  per	  second
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1.	   Project	  Overview	  
1.1	   Importance	  of	  Radiation	  Detectors	  
Radiation	  detectors	  are	  becoming	  an	  increasingly	  common	  aspect	  of	  modern	  society.	  
While	  working	   in	   potentially	   radioactive	   environments,	   it	   is	   necessary	   to	   establish	  
whether	  the	  close	  vicinity	  is	  safe	  enough	  to	  occupy.	  In	  order	  to	  successfully	  achieve	  
this	  goal,	  however,	  a	  suitable	  detector	  is	  required	  in	  order	  to	  be	  able	  to	  monitor	  the	  
levels	  of	  radiation.	  
	  
Radiation	  is	  often	  surrounded	  by	  an	  aura	  of	  fear;	  however,	  its	  benefits	  should	  also	  be	  
discussed.	  It	  is,	  after	  all,	  through	  the	  use	  of	  high-­‐energy	  radiation	  that	  many	  forms	  of	  
cancer	  can	  be	  treated.	  It	  is	  also	  possible	  to	  x-­‐ray	  broken	  bones	  in	  our	  bodies	  through	  
the	  use	  of	  x-­‐ray	  radiation.	  Nevertheless,	  if	  it	  is	  continuously	  absorbed	  in	  high	  enough	  
doses,	  ionising	  radiation	  can	  be	  extremely	  toxic	  to	  its	  living	  host.	  It	  is	  for	  this	  reason	  
that	  a	  means	  of	  detecting	  the	  amount	  of	  radiation	  present	  becomes	  of	  paramount	  
importance.	  This	  is	  where	  the	  importance	  of	  radiation	  detectors	  becomes	  apparent.	  
Such	   detectors	   cannot	   neutralize	   the	   dangers	   of	   radiation,	   but	   they	   are	   vital	   in	  
helping	   to	   control	   the	   exposure	   rate.	   It	   is	   for	   this	   reason	   that	   they	   are	   also	   so	  
commonly	  used	  for	  industrial	  and	  scientific	  purposes.	  
	  
Unexpected	   radiation-­‐related	   disasters,	   such	   as	   Fukushima	   and	   Chernobyl,	   can	   be	  
perceived	  as	  a	  popular	  application	  for	  such	  devices.	  In	  such	  circumstances,	  detectors	  
are	  used	  to	  monitor	  personal	  safety	  and	  record	  the	  exposure	  levels	  in	  nearby	  areas.	  
Personal	   safety	   is	   also	   an	   important	   requirement	   for	   researchers	   working	   in	  
irradiation	   facilities	   where	   high-­‐dose	   areas	   can	   be	   present.	   This	   is	   also	   true	   for	  
passengers	   of	   nuclear	   submarines	   to	   ensure	   no	   one	   is	   in	   danger	   from	   ionising	  
radiation.	  
	  
Another	  common	  use	  of	  radiation	  detectors	  is	  closely	  linked	  to	  the	  use	  of	  radioactive	  
tracers.	  Radioactive	  tracers,	  such	  as	  technicium-­‐99m	  and	  iodine-­‐131,	  have	  been	  used	  
in	   many	   different	   applications;	   these	   uses	   range	   from	   tracing	   oil	   in	   pipelines	   so	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companies	  can	  identify	  their	  oil	  supplies,	  to	  the	  ingestion	  of	  radioactive	  substances	  
in	  the	  diagnosis	  and	  treatment	  of	  many	  diseases.	   In	  all	  cases,	  this	  tracer	  cannot	  be	  
detected	  without	  the	  use	  of	  a	  radiation	  detector.	  Yet	  another	  important	  application	  
for	  radiation	  detectors	  is	  their	  use	  in	  the	  oil	  and	  gas	  well	  industry.	  GM	  detectors	  are	  
primarily	   used	   to	   measure	   characteristic	   gamma-­‐ray	   signals	   from	   different	   rock	  
formations.	   Such	   gamma	   rays	   are	   emitted	   due	   to	   the	   presence	   of	   potassium-­‐40,	  
throum-­‐232	   and	   uranium-­‐238	   in	   different	   rock	   types.	   Because	   each	   rock	   type	  will	  
contain	  different	  quantities	  of	  these	  isotopes,	  measuring	  the	  gamma-­‐ray	  activity	  can	  
identify	  the	  type	  of	  rock	  present.	  As	  discussed	  in	  [1	  –	  SINTEF],	  temperatures	  within	  
oil	  wells	  are	  typically	  under	  125	  oC.	  It	  is	  for	  this	  reason	  that	  the	  upper	  temperature	  
limit	  of	  this	  research	  was	  set	  at	  125	  oC.	  In	  extreme	  cases,	  however,	  the	  temperatures	  
can	  rise	  up	  to	  175	  oC.	  These	  are	  but	  a	  few	  of	  the	  many	  safety	  and	  industrial	  uses	  for	  
such	  devices;	   it	   is	  safe	  to	  say	  that	  they	  are	  rapidly	  becoming	  a	  mainstay	  of	  modern	  
society.	  
	  
1.2	   Introduction	  to	  Radiation	  Detectors	  
Gas-­‐filled	   radiation	   detectors	   are,	   as	   the	   name	   suggests,	   designed	   to	   easily	   detect	  
the	  presence	  of	  ionising	  radiation.	  Some	  types	  of	  these	  detectors,	  such	  as	  ionisation	  
chambers	   and	   proportional	   counters,	   are	   also	   capable	   of	   retaining	   information	  
linked	   to	   the	   energy	   of	   the	   incident	   radiation.	   This	   can	   help	   to	   determine	   the	  
radioactive	   isotope	   in	   question.	   Gas-­‐filled	   detectors	   operating	   as	   GM	   detectors,	  
however,	   are	   incapable	   of	   providing	   this	   information.	   Because	   Geigers	   can	   only	  
measure	   the	  activity	  of	   a	   radioactive	   source,	   they	  are	   considered	   to	  be	  a	   “simple”	  
detector,	   as	   discussed	   in	   [2	   –	   Centronic,	   p.	   13];	   despite	   this,	   there	   is	   still	   large	  
demand	   for	   them	   for	   many	   scientific	   and	   industrial	   applications.	   This	   is	   due	   to	   a	  
Geiger’s	  durability,	  ease-­‐of-­‐use,	  relative	  low	  cost	  and	  great	  versatility.	  
	  
The	   simplicity	   in	   GM	   detectors	   tends	   to	   be	   reflected	   in	   their	   costs	   (around	   £100	  
each)	  when	  compared	  to	   the	  more	  expensive	   ionisation	  chamber	  and	  proportional	  
counter	   assemblies	   (around	   £10,000	   each).	   As	   a	   result,	   replacing	   a	   Geiger	   might	  
seem	   like	   a	   trivial	   feat.	   This,	   however,	   is	   not	   always	   the	   case.	  While	   the	   detector	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itself	   might	   be	   relatively	   cheap,	   the	   repercussions	   of	   its	   failure	   in	   application	   can	  
accumulate	   costs	   of	   up	   to	   millions	   of	   pounds	   sterling.	   One	   such	   example	   is	   the	  
requirement	   to	   return	   nuclear	   submarines	   to	   shore	   to	   replace	   any	   failing	   or	   dead	  
detectors.	  It	  is	  for	  this	  reason	  that	  maintaining	  long	  detector	  lifetimes	  for	  particular	  
applications	  under	  select	  conditions	  becomes	  essential.	  
	  
One	   limitation	  of	  using	  gas-­‐filled	   radiation	  detectors	   is	   their	   finite	   lifetime;	   for	  GM	  
detectors,	   this	   is	  because	  of	   the	  depletion	  of	   the	  minimal	  amounts	  of	  halogen	  gas	  
used	  to	  quench	  the	  detector	  (to	  be	  discussed	  in	  Chapter	  3).	  The	  same	  limitation	  can	  
also	   be	   attributed	   to	   different	   types	   of	   radiation	   detectors,	   like	   scintillation	   and	  
semiconductor	  radiation	  detectors.	   In	  such	  cases,	   the	  detection	  components	  suffer	  
radiation	   damage	   due	   to	   prolonged	   exposure;	   this	   damage	   has	   been	   explored	   in	  
other	   literature,	   such	   as	   [3	   –	   L.	   Franks]	   and	   [4	   –	   R.	   Zhu]	   for	   semiconductors	   and	  
scintillators	  respectively.	  In	  all	  cases,	  several	  countermeasures	  can	  be	  implemented	  
to	  help	  to	  extend	  detector	  lifetimes	  when	  used	  for	  their	  required	  application.	  Due	  to	  
the	   variables	   introduced	   when	   using	   each	   detector	   in	   different	   environments,	  
producing	  lifetime	  comparisons	  across	  different	  detector	  types	  becomes	  difficult.	  
	  
Centronic	  Ltd.	  currently	  favour	  plating	  the	  internal	  surfaces	  of	  each	  Geiger	  cathode	  
using	   a	   chromium-­‐based	   plating	   solution	   to	   reduce	   the	   halogen	   quench	   gas	  
depletion.	  While	  this	  has	  proven	  to	  be	  a	  reliable	  technique,	  the	  resulting	  costs	  and	  
undesirable	   wastes	   from	   the	   chromium-­‐plating	   process	   introduces	   significant	  
commercial	  challenges.	  The	  research	  has	  been	  set	  up	  with	  a	  view	  to	  determine	  other	  
protective	  processes	  that	  can	  replicate	  the	  chromium-­‐plated	  Geiger	  performance	  at	  
temperatures	  of	  up	  to	  125	  oC.	  Two	  other	  protective	  processes	  were	  considered	  for	  
these	   investigations:	   nitric	   acid	   passivation	   and	   oxygen	   plasma	   bombardment.	   To	  
quantify	  their	   lifetime	  performances,	  GM	  detector	  samples	  undergo	  an	  accelerated	  
ageing	   procedure.	   The	   characteristic	   Geiger	   operational	   parameters	   are	   then	  
monitored	   at	   regular	   intervals	   for	   any	   changes.	   To	   investigate	   any	   changes	   in	   the	  
internal	  detector	  components,	  surface	  characterisation	  techniques	  are	  used.	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The	  main	  aim	  of	  this	  EngD	  project	  can	  be	  stated	  as	  determining	  the	  effectiveness	  of	  
the	  three	  different	  halogen-­‐resistant	  surface	  treatment	  processes	  used	  to	  extend	  the	  
lifetimes	  of	  GM	  detectors	   at	   temperatures	  of	  up	   to	  125	   oC.	   If	   the	  halogen	  quench	  
gas,	   which	   is	   linked	   to	   the	   detector	   lifetime,	   depletes,	   certain	   characteristic	  
operating	   parameters	   undergo	  measurable	   changes.	   The	   GM	   detector	   operational	  
parameters	   will	   be	   discussed	   in	  more	   detail	   in	   Section	   3.3.3	   and	   are	   the	   starting	  
voltage	   (Vs),	   the	   Geiger	   Plateau,	   the	   slope	   of	   the	   Geiger	   Plateau,	   the	   detector	  
operating	   count	   rate	   and	   the	   ambient	   radiation	   operating	   count	   rate.	   The	   success	  
and	  effectiveness	  of	  each	  process	  is	  quantified	  by	  the	  amount	  of	  change	  measured	  in	  
the	  detector	  parameters.	  The	  research	  to	  be	  discussed	  in	  Chapter	  7	  and	  in	  Section	  
8.2,	  and	  the	  resulting	  conclusions,	  have	  been	  published	  in	  [5	  –	  M.	  Abilama].	  
	  
1.3	   Structure	  of	  Thesis	  
Chapter	  2,	  titled	  Background	  to	  Project,	  will	  introduce	  the	  general	  physical	  concepts	  
employed	   for	   gas-­‐filled	   radiation	  detectors.	   The	   chapter	  will	   start	  by	  exploring	   the	  
different	  types	  of	  radiation	  and	  will	  discuss	  each	  type’s	  characteristic	  properties	  and	  
interactions	  with	  matter.	  This	  will	  help	  to	  provide	  an	   introduction	  to	  the	  necessary	  
design	  requirements	  to	  produce	  a	  gas-­‐filled	  radiation	  detector.	  A	  brief	  discussion	  of	  
the	  different	  gas-­‐filled	  radiation	  detector	  operating	  modes	  will	  follow.	  	  
	  
Chapter	   3,	   titled	   Geiger-­‐Müller	   Detectors,	   will	   to	   aim	   to	   provide	   an	   in-­‐depth	  
theoretical	   discussion	   of	   the	   gas-­‐filled	   radiation	   detector	  most	   heavily	   featured	   in	  
this	   EngD	   research:	   the	   Geiger-­‐Müller	   (GM)	   detector.	   The	   chapter	   will	   start	   by	  
discussing	   the	   design	   and	   functionality	   features	   unique	   to	   GM	   detectors.	   The	  
characteristic	   Geiger-­‐Müller	   detector	   operational	   parameters	   will	   then	   be	  
subsequently	  introduced.	  To	  conclude	  the	  chapter,	  the	  concept	  of	  detector	  lifetime,	  
and	  different	  methods	  that	  can	  help	  to	  prolong	  it,	  will	  then	  be	  discussed.	  
	  
Chapter	   4,	   titled	   Surface	   Characterisation	   Techniques,	   will	   discuss	   the	   surface	  
characterisation	   techniques	  used	  when	  carrying	  out	  surface	  analysis	   investigations.	  
The	  chapter	  will	   start	  by	  producing	  a	  general	  overview	  of	   surface	  characterisation.	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The	   characterisation	   tooling	   used	   included	   a	   Scanning	   Electron	  Microscope	   (SEM)	  
with	  Energy	  Dispersive	  X-­‐Ray	  analysis	  (EDX)	  and	  a	  Dektak	  surface	  profilometer.	  
	  
Chapter	  5,	   titled	  Materials	  and	  Methods,	  will	  explore	  the	  materials	  and	  equipment	  
used	  to	  fulfill	  the	  research	  requirements	  of	  this	  EngD	  project.	  The	  chapter	  will	  start	  
by	  discussing	  the	  different	  ZP1200	  GM	  detectors	  used	  throughout	  the	  research.	  This	  
will	   be	   followed	   by	   a	   brief	   introduction	   to	   the	   production	   processes	   used	   to	  
manufacture	   the	   required	   detector	   samples.	   The	   ageing	   process	   used	   to	   test	   the	  
performance	  of	  all	  the	  detector	  samples	  used	  will	  also	  be	  discussed.	  A	  discussion	  of	  
the	  test	  equipment	  that	  has	  been	  designed	  and	  developed	  to	  carry	  out	  the	  research	  
will	  then	  conclude	  the	  chapter.	  
	  
Chapter	   6,	   titled	   Important	  Considerations	   in	  Detector	  Production,	  will	   present	   the	  
research	  work	  on	  the	  design	  of	  detectors	  and	  the	  impact	  of	  contamination	  that	  was	  
carried	  out.	  The	  chapter	  will	  discuss	  work	  that	  was	  carried	  out	  in	  collaboration	  with	  
the	  Institut	  Laue	  Langevin	  (ILL)	  in	  Grenoble,	  France	  on	  a	  multi-­‐tube	  gas-­‐filled	  neutron	  
detector.	  The	  final	  section	  of	  this	  chapter	  will	  then	  discuss	  research	  work	  carried	  out	  
to	  prepare	  all	  GM	  detector	  samples	  required	  for	  the	  ageing	  investigations.	  
	  
Chapter	   7,	   titled	   Geiger-­‐Müller	   Operational	   Parameter	   Changes	   with	   Age,	   will	  
discuss	  the	  ageing	  investigations	  carried	  out	  on	  the	  GM	  detector	  samples	  prepared	  
with	  three	  different	  corrosion-­‐resistance	  techniques:	  chromium-­‐plating,	  passivation	  
and	   oxide-­‐formation.	   One	   set	   of	   samples	   was	   aged	   at	   room	   temperature,	   while	  
another	   set	   of	   samples	   was	   aged	   at	   125	   oC.	   The	   characteristic	   Geiger	   operational	  
parameters	  were	  routinely	  monitored	  and	  any	  changes	  were	  used	  to	  determine	  the	  
effectiveness	  of	  each	  protective	  technique.	  
	  
Chapter	   8,	   titled	  Geiger-­‐Müller	   Surface	  Characterisation	  with	  Age,	  will	   present	   the	  
results	   obtained	   when	   investigating	   the	   detector	   components	   for	   evidence	   of	  
chemical	   reactions	  with	  the	  halogen	  quench	  gas.	  The	  chapter	  will	   start	  by	  showing	  
the	  analysis	  of	  the	  internal	  surfaces	  of	  the	  GM	  detector	  cathodes	  using	  the	  SEM	  and	  
EDX	   techniques.	   The	   chapter	   will	   then	   discuss	   the	   results	   of	   the	   internal	   cathode	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surface	  investigations	  carried	  out	  with	  the	  Dektak	  surface	  profilometer.	  The	  chapter	  
will	   conclude	   by	   highlighting	   the	   findings	   of	   the	   SEM	   and	   EDX	   surface	   analysis	  
performed	  on	  a	  set	  of	  detector	  anodes.	  
	  
Chapter	  9,	  titled	  Key	  Findings	  and	  Achievements,	  will	  discuss	  the	  work	  carried	  out	  on	  
eliminating	   contamination	   in	   gas-­‐filled	   radiation	   detectors	   and	   prolonging	   their	  
lifetimes	   using	   different	   surface	   treatment	   processes.	   These	   discussions	   will	   be	  
followed	   by	   the	   important	   conclusions	   drawn	   from	   the	   monitoring	   of	   the	   GM	  
detector	   samples’	   operating	   parameters	   with	   both	   age	   and	   temperature.	   The	  
chapter	  will	   also	  discuss	   the	   surface	  analysis	  work	   carried	  out	   and	   the	   conclusions	  
that	   were	   drawn	   from	   the	   results.	   To	   conclude	   the	   chapter,	   some	   general	  
conclusions	  regarding	  the	  EngD	  project	  and	  the	  initial	  objectives	  will	  be	  presented.	  
	  
Chapter	   10,	   titled	   Geiger-­‐Müller	   Detector	   Ageing	   at	   175	   oC,	   will	   introduce	   the	  
preliminary	  ageing	   investigations	   that	  have	  been	  carried	  out	  at	  175	   oC.	  The	   results	  
obtained	  with	   age	   for	   the	  GM	  detector	   operational	   parameters	  will	   be	   presented.	  
The	  changes	  in	  each	  parameter	  will	  also	  be	  discussed	  and	  compared	  to	  the	  previous	  
results	  discussed	  in	  Chapter	  7.	  
	  
Chapter	   11,	   titled	   Future	   of	   the	   Project,	   will	   introduce	   the	   proposed	   future	   work	  
arising	   from	   the	   findings	   of	   the	   research	   discussed	   in	   this	   thesis.	   The	   chapter	  will	  
commence	   by	   suggesting	   a	   continuation	   of	   the	   preliminary	   175	   oC	   ageing	  
investigations.	  Some	  work	  that	  has	  been	  carried	  out	  to	  develop	  a	  gas	  analysis	  system	  
capable	   of	   monitoring	   the	   quantity	   of	   quench	   gas	   will	   also	   be	   introduced.	   The	  
chapter	  and	  thesis	  will	  then	  conclude	  by	  discussing	  other	  analytical	  techniques	  and	  
ageing	  parameters	  that	  can	  be	  considered	  for	  any	  future	  investigations.	  
	  
Page	  7	  	  
2.	   Background	  to	  Project	  
2.1	   Structure	  of	  Chapter	  
This	  chapter	  will	  provide	  a	  general	  overview	  of	   the	  physical	  concepts	   linked	  to	   the	  
operation	   of	   gas-­‐filled	   radiation	   detectors.	  Section	   2.2	  will	   introduce	   the	   different	  
forms	   of	   radiation	   and	   their	   characteristic	   properties.	   Section	   2.3	   will	   discuss	   the	  
interactions	   that	   different	   forms	   of	   radiation	   undergo	  with	  matter.	   In	  Section	   2.4,	  
the	  different	  operating	  modes	  for	  gas-­‐filled	  radiation	  detectors	  will	  be	  explored.	  The	  
operation	  of	  such	  detectors,	  and	  how	  the	   interactions	  of	  radiation	  with	  matter	  are	  
exploited	  for	  this	  purpose,	  will	  also	  be	  briefly	  discussed	  in	  this	  section.	  	  	  
2.2	   An	  Introduction	  to	  Radiation	  
Radiation	   can	   be	   defined	   as	   energetic	   particles	   or	   photons	   travelling	   through	   any	  
form	  of	  matter	   in	   space	   or	   vacuum.	   It	   can	   also	   be	   divided	   into	   two	  different	   sub-­‐
categories:	   ionising	  radiation	  and	  non-­‐ionising	  radiation.	  The	  main	  difference	  to	  be	  
considered	  when	  discussing	  these	  two	  different	  forms	  of	  radiation	  is	  their	  ability	  to	  
ionise	   matter.	   Ionising	   radiation	   is	   capable	   of	   interacting	   with	   matter	   to	   release	  
electrons	  from	  the	  individual	  atoms,	  thus	  ionising	  them.	  Such	  electron	  emissions	  will	  
then	  result	  in	  the	  production	  of	  energetic	  ion	  pairs,	  which	  can	  then	  interact	  with	  any	  
neighbouring	  matter.	  For	  reference,	  each	  ion	  pair	  consists	  of	  a	  liberated	  electron	  and	  
the	  resulting	  positive	  ion,	  as	  discussed	  in	  [6	  –	  G.	  Knoll,	  p.	  30-­‐31].	  Because	  the	  energy	  
to	  form	  each	  ion	  pair	  is	  known,	  measuring	  the	  amount	  of	  pairs	  can	  give	  insight	  into	  
the	   intensity	  of	   the	  radiation	   field.	  This,	   in	   fact,	   is	   the	  governing	  principle	   for	  most	  
radiation	  detectors.	  
	  
It	   is	  due	  to	  the	  energetic	  nature	  of	  the	  produced	  ion	  pairs	  that	   ionising	  radiation	  is	  
considered	  a	  significant	  health	  risk.	  Ionising	  radiation	  can	  also	  be	  further	  categorised	  
into	  two	  sub-­‐sections:	  charged	  particle	  radiation	   (fast	  electrons	  and	  heavy	  charged	  
particles)	  and	  uncharged,	  or	  charge-­‐less,	   radiation	   (photons	  and	  neutrons).	   In	  both	  
cases,	   to	   detect	   these	   different	   forms	   of	   ionising	   radiation,	   their	   corresponding	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interactions	   with	   matter	   must	   first	   be	   considered.	   These	   interactions	   will	   be	  
discussed	  in	  Section	  2.3.	  	  
2.2.1	   Heavy-­‐Charged	  Particle	  Radiation	  
All	   forms	   of	   ionising	   radiation	   can	   occur	   naturally	   and	   as	   a	   result	   of	   a	   radiative	  
process	  within	   the	   atoms	   of	   certain	   elements.	   Charged	   radiation	   obtains	   its	   name	  
due	   to	   the	   emitted	   particles	   containing	   non-­‐zero	   electric	   charge.	   Such	   heavy	  
particles	  include	  alpha	  particles,	  protons	  and	  heavier	  products	  resulting	  from	  fission	  
reactions.	  Alpha-­‐radiationis	  sometimes	  considered	  as	  the	  most	  well-­‐known	  charged	  
particle	  and	  was	  first	  discovered	  by	  Rutherford	  in	  1903,	  from	  [7	  –	  K.	  Krane,	  p.	  246-­‐
249].	  Such	  particles	  originate	  due	   to	   the	   instability	  of	  heavy	  nuclei,	  which	  undergo	  
the	  spontaneous	  emission	  of	  alpha	  particles,	  with	  typical	  energies	  ranging	  from	  4	  to	  
8	   MeV,	   to	   become	   stable.	   As	   discussed	   in	   [7	   –	   K.	   Krane,	   p.	   246-­‐249],	   it	   was	  
discovered	  by	  Geiger	  and	  Nutall	  that	  a	  strong	  correlation	  between	  the	  energy	  of	  the	  
alpha	  particle	  and	  the	  half-­‐life	  of	  the	  decaying	  isotope.	  Alpha	  energies	  lower	  than	  4	  
MeV	   tend	   to	   correspond	   to	   isotopes	  with	  very	   long	  decay	  half-­‐lives;	   such	   isotopes	  
produce	   alpha	   activities	   that	   are	   too	   low	   to	   be	   considered	   an	   effective	   alpha	  
radiation	   source.	   Conversely,	   alpha	   energies	   greater	   than	   8	   MeV	   correspond	   to	  
isotopes	   with	   exceedingly	   short	   lifetimes;	   again,	   such	   isotopes	   would	   have	   very	  
limited	  utility	  as	  a	  alpha	  source.	  
	  
It	   is	   possible	   to	   express	   the	   release	  of	   alpha	  particles	   in	   an	   equation,	   as	   shown	   in	  
Equation	   2.1;	  𝐏	  represents	   the	  parent	  nucleus,	  𝐃	  represents	   the	  daughter	   nucleus,	  𝐀	  represents	   the	   atomic	   mass,	  𝐙	  represents	   the	   atomic	   number,	  𝛂	  represents	   the	  
emitted	  alpha	  particle	  and	  𝐐𝛂	  is	  the	  q-­‐value	  of	  the	  reaction	  that	  represents	  the	  total	  
energy	  release.	  
	   𝐏𝐙𝐀 → 𝐃𝐙(𝟐𝐀(𝟒 + 𝛂 + 𝐐𝛂	   Equation	  2.1	  
	  
It	  was	  eventually	  shown,	  again	  by	  Rutherford,	  from	  [7	  –	  K.	  Krane,	  p.	  246-­‐249],	  that	  
alpha	   particles	   were	   in	   fact	   identical	   to	   helium-­‐4	   nuclei.	   Due	   to	   their	   charge	   and	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mass,	  heavy	  charged	  particles	  are	  a	  form	  of	  ionising	  radiation	  very	  likely	  to	  interact	  
with	  matter.	   It	   is	  because	  of	   these	   interactions	  and	   the	   subsequent	   loss	  of	  energy	  
that	  heavy	  charged	  particles	  possess	  the	  shortest	  range,	  for	  a	  given	  energy,	  of	  all	  the	  
radiation	  types	  when	  travelling	  through	  matter.	  
	  
2.2.2	   Beta-­‐Particle	  Radiation	  
A	   second	   type	   of	   charged	   ionising	   radiation	   exists	   in	   the	   form	   of	   beta	   radiation.	  
Similar	   to	   alpha	   radiation,	   beta	   radiation	   is	   also	   emitted	   by	   energetic	   nuclei	   as	   a	  
means	  of	  attaining	  nuclear	  stability,	  as	  discussed	  in	  [7	  –	  K.	  Krane,	  p.	  272].	  In	  the	  case	  
of	   beta-­‐decay,	   such	   decays	   tend	   to	   occur	   in	   neutron-­‐rich	   nuclei	   to	   promote	   a	  
neutron-­‐conversion	   reaction	   (see	   Equation	   2.2);	   on	   the	   other	   hand,	   a	   proton-­‐
conversion	  decay	  is	  instead	  favoured	  (see	  Equation	  2.3)	  in	  neutron-­‐poor	  nuclei	  in	  a	  
positive	   beta-­‐decay,	   where	   n	   represents	   a	   neutron,	   p	   represents	   the	   proton,	   e-­‐‑	  
represents	   an	   electron,	   e+	   represents	   a	   positron,	  𝛖	  represents	   the	   neutrino,	  𝛖	  
represents	  the	  antineutrino	  and	  Q23 	  and	  Q24represent	  the	  q-­‐values	  of	  the	  negative	  
beta-­‐decay	   and	   the	   positive	   beta-­‐decay	   respectively.	   Due	   to	   the	   presence	   of	   the	  
neutrino	   or	   anti-­‐neutrino,	   the	   corresponding	   electron	   or	   positron	   possess	   a	  
spectrum	  of	  different	  possible	  energies;	  the	  final	  energy	  will	  depend	  on	  the	  fraction	  
of	  the	  q-­‐value	  held	  by	  the	  neutrino	  or	  anti-­‐neutrino.	  
	  𝐧 → 𝐩 + 𝐞( + 𝛖 + 𝐐𝛃3 	   	   	   	   	   	   	   Equation	  2.2	  𝐩 → 𝐧 + 𝐞9 + 𝛖 + 𝐐𝛃4 	   	   	   	   	   	   	   Equation	  2.3	  
	  
Beta	  particles	   are	   essentially	   identical	   to	  high-­‐energy	  electrons	   (or	  positrons	   if	   the	  
particle	   charge	   is	   positive)	   and	   have	   a	   significantly	   lower	   mass	   and	   charge	   when	  
compared	   to	   that	   of	   the	   heavy	   charged	   particle.	   This	   will	   thus	   result	   in	   a	   lower	  
interaction	  probability	  between	  a	  beta	  particle	  and	  any	  neighbouring	  matter,	  a	  lower	  
likelihood	   for	   subsequent	   energy	   losses	   to	   take	   place	   and	   more	   significant	  
penetration	   capabilities	   within	   matter.	   Beta	   particles	   can	   thus	   travel	   further	   in	  
matter	  than	  heavy	  charged	  particles	  of	  the	  same	  energy.	  The	  nature	  of	  interactions	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between	  charged	  radiation	  particles	  and	  matter	  will	  also	  significantly	  depend	  on	  the	  
amount	  of	  charge	  present;	  this	  will	  be	  discussed	  throughout	  Section	  2.3.	  
	  
2.2.3	   Photon	  Radiation	  
Not	  all	  forms	  of	  radiation	  consist	  of	  charged	  particles.	  After	  introducing	  the	  origin	  of	  
the	   different	   forms	   of	   charged	   ionising	   radiation,	   it	   is	   also	   helpful	   to	   consider	   the	  
origin	  of	  their	  un-­‐charged	  counterparts.	  The	  first	  of	  the	  charge-­‐less	  ionising	  radiation	  
forms	   to	  be	   considered	   is	   the	   gamma	   ray,	  which	  possesses	  no	   charge	   and	  no	   rest	  
mass.	  Gamma-­‐rays	  are	  high-­‐energy	  electromagnetic	  photons,	  with	  energies	  typically	  
ranging	  from	  0.1	  to	  10	  MeV,	  from	  [7	  –	  K.	  Krane,	  p.	  327],	  that	  are	  emitted	  from	  nuclei	  
in	  excited	  nuclear	  states	  to	  return	  to	  their	  more	  stable	  ground	  states.	  Such	  a	  process	  
can	   also	   be	   expressed	   in	   an	   equation,	   as	   shown	   in	  Equation	   2.4;	  𝐗∗	  is	   the	   excited	  
nucleus,	  𝐗	  is	  the	  ground	  state	  nucleus	  and	  𝛄	  is	  the	  emitted	  gamma-­‐photon.	  
	   𝐗∗𝐙𝐀 → 𝐗𝐙𝐀 + 𝛄	   	   	   	   	   	   	   	   Equation	  2.4	  
	  
X-­‐rays	  are	  commonly	  combined	  with	  gamma-­‐rays	  when	  discussing	  ionising	  radiation	  
via	   photons	   because,	   apart	   from	   their	   slightly	   different	   origins	   (gamma-­‐rays	   are	  
emitted	  by	  the	  de-­‐excitation	  of	  the	  nuclear	  state	  within	  the	  nucleus,	  whereas	  X-­‐rays	  
are	  emitted	  by	   the	  de-­‐excitation	  of	  electrons	   in	   the	  electron	   shell	   surrounding	   the	  
nucleus,	  from	  [8	  –	  P.	  Dendy,	  p.	  12]),	  the	  mechanisms	  behind	  their	  detection	  are	  very	  
similar.	   The	   charge-­‐less	   and	   mass-­‐less	   nature	   of	   such	   photons	   drastically	   reduces	  
their	  likelihood	  to	  interact	  with	  matter	  and,	  as	  such,	  they	  tend	  to	  travel	  further	  than	  
charged	   particles	   of	   the	   same	   energy	   in	  matter.	   It	   is	   for	   this	   reason	   that	   photons	  
tend	  to	  have	  relatively	  longer	  penetration	  ranges.	  
	  
2.2.3	   Neutron	  Radiation	  
Another	  common	  type	  of	  naturally	  occurring	  charge-­‐less	   ionising	  radiation,	  and	  the	  
final	   form	   of	   ionising	   radiation	   to	   be	   discussed,	   is	   neutron	   radiation.	   Naturally	  
occurring	   neutron	   emissions	   can	   occur	   as	   a	   result	   of	   spontaneous	   fission	   within	  
heavier	   unstable	   nuclei,	   such	   as	   californium-­‐252	   with	   a	   neutron	   yield	   of	   0.166	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neutron	  per	  second	  per	  Becquerel,	  from	  [6	  –	  G.	  Knoll,	  p.	  20].	  A	  different	  origin	  for	  
neutrons	   is	   in	   the	   form	   of	   byproducts	   from	   particular	   nuclear	   reactions.	   One	  
example	  of	  such	  a	  reaction	  is	  shown	  in	  Equation	  2.5,	  where	  𝐁𝐞	  is	  a	  beryllium	  atom,	  𝐂	  is	  a	  carbon	  atom,	  𝐧	  is	  a	  neutron	  and	  𝐐	  is	  the	  q-­‐value	  of	  this	  reaction.	  	  
	   𝐁𝐞 + 𝛂𝟒𝟗 → 𝐂𝟔𝟏𝟐 + 𝐧 + 𝐐	  	   	   	   	   	   	   Equation	  2.5	  
	  
It	  is	  important	  to	  note	  that	  the	  resulting	  neutrons	  are	  not	  monoenergetic	  due	  to	  the	  
different	  possible	  energies	  of	  the	  alpha	  particles	  and	  the	  possibility	  for	  the	  carbon-­‐
12	  atom	  to	  be	  left	  in	  an	  excited	  state,	  as	  discussed	  in	  [7	  –	  K.	  Krane,	  p.	  445-­‐446].	  
	  
Neutron	  emissions	  via	  reactions	  serve	  as	  the	  basis	  for	  many	  neutron	  sources	  present	  
at	   research	   facilities,	   such	  as	   at	   the	   Spallation	  Neutron	  Source	   (SNS)	   facility	   at	   the	  
Oak	  Ridge	  National	  Laboratory	   [9	  –	  ORNL].	  This	   is	  due	   to	   the	  ability	   to	  control	   the	  
energy	   and	   flux	   of	   the	   resulting	   neutrons.	   The	   production	   of	   neutrons	   at	   such	  
facilities	  usually	  involves	  striking	  a	  suitable	  target	  material	  with	  a	  high-­‐energy	  proton	  
beam.	  This	  interaction	  will	  lead	  to	  the	  formation	  of	  the	  required	  neutrons.	  However,	  
neutrons	   are	  uncharged	   sub-­‐atomic	  particles	  with	  mass	   and	   can	  also	   interact	  with	  
matter	   (albeit	   differently	   to	   charged	   particles	   to	   be	   clarified	   in	   Section	   2.3).	   As	   a	  
result,	   and	   similar	   to	   all	   other	   radiation	   forms,	   a	   neutron’s	   penetration	   through	  
matter	  will	  depend	  on	  the	  type	  of	  material	  as	  well	  as	  its	  initial	  energy.	  
	  
2.2.4	   Radioactive	  Decay	  
The	  half-­‐life	  of	  a	  radioactive	  material	   is	  expressed	  as	  the	  time	  taken	  for	   it	  to	  decay	  
until	   only	   half	   of	   it	   remains.	   It	   is	   possible	   to	   carry	   out	   a	   simple	   calculation	   to	  
determine	  how	  much	  a	  particular	  source	  has	  decayed	  over	  a	  specific	  period	  of	  time;	  
the	  equation	  used	  is	  shown	  below	  in	  Equation	  2.6,	  where	  𝐀𝐜𝐭	  is	  the	  current	  activity,	  𝐀𝐜𝐭𝐨	  is	  the	  original	  activity	  before	  the	  elapsed	  time,	  𝐭	  is	  the	  elapsed	  time	  and	  𝐭𝟎.𝟓	  is	  
the	  half-­‐life	  of	  the	  particular	  source.	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𝐀𝐜𝐭 = 𝐀𝐜𝐭𝐨 𝐞( 𝟎.𝟔𝟗𝟑 𝐭𝐭𝟎.𝟓 	   	   	   	   	   	   Equation	  2.6	  
	  
By	   definition,	   the	   operating	   count	   rate	   value	   of	   a	   radiation	   detector	   refers	   to	   the	  
count	  rate	  recorded	  when	  a	  detector	  is	  used	  at	  its	  operating	  voltage.	  If	  a	  particular	  
source	  was	  to	  be	  selected	  with	  a	  relatively	  short	  half-­‐life,	  the	  impact	  this	  would	  have	  
on	  the	  operating	  count	  rates	  of	  radiation	  detectors	  could	  prove	  quite	  significant.	  A	  
weaker	  radioactive	  source	  will	  thus	  produce	  a	  lower	  reading	  for	  the	  same	  radiation	  
detector	  at	  the	  same	  distance	  from	  the	  source.	  However,	   if	  such	  a	  decrease	   in	  the	  
operating	  count	  rate	  has	  not	  been	  factored	  into	  the	  detector’s	  operating	  count	  rate	  
limits,	   this	   will	   lead	   to	   seemingly	   lower	   operating	   count	   rates	   than	   required.	   A	  
common	   source	   used	   in	   the	   testing	   and	   calibration	   of	   gamma-­‐sensitive	   radiation	  
detectors	  is	  a	  Caesium-­‐137	  gamma	  emitter	  with	  gamma	  ray	  energies	  of	  662	  keV;	  this	  
source	   is	   also	   used	   for	   all	   investigations	   carried	   out	   throughout	   this	   research.	   For	  
such	  radioactive	  sources,	  the	  half-­‐life	  is	  30.22	  years,	  as	  shown	  in	  [10	  –	  RMSDS].	  
	  
2.2.5	   Non-­‐Ionising	  Radiation	  Interactions	  
While	  ionising	  radiation	  is	  the	  main	  form	  of	  radiation	  to	  be	  discussed	  throughout	  this	  
thesis,	  it	  is	  beneficial	  to	  also	  mention	  non-­‐ionising	  radiation.	  Non-­‐ionising	  radiation,	  
which	   includes	  microwaves	  and	  radio	  waves,	  will	  also	   interact	  with	  matter	  but	   the	  
incident	   radiation	  will	   not	   possess	   enough	   energy	   to	   liberate	   any	   bound	   electrons	  
from	  the	  atoms.	  In	  this	  case,	  the	  target	  atoms	  will	  only	  be	  left	  in	  an	  excited	  state;	  as	  
a	  result,	  non-­‐ionising	  radiation	  does	  not	  pose	  as	  significant	  a	  health	  risk	  as	   ionising	  
radiation.	   It	   should	   still	   be	   noted,	   however,	   that	   overexposure	   to	   non-­‐ionising	  
radiation	  does	   still	   have	   the	   potential	   to	   cause	   health	   risks.	   This	   is	   typically	   in	   the	  
form	  of	  burns	  due	  to	  the	  transfer	  of	  excessive	  thermal	  energy.	  As	  the	  main	  focus	  of	  
this	   report	   is	   the	   detection	   of	   the	   more	   dangerous	   ionising	   radiation,	   the	   safety	  
procedures	   to	   be	   taken	   into	   account	   with	   respect	   to	   non-­‐ionising	   will	   not	   be	  
discussed	  further.	  [11	  –	  K.	  Hoog]	  documents	  some	  of	  the	  main	  risks	  of	  non-­‐ionising	  
radiation.	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2.3	   Interactions	  of	  Radiation	  with	  Matter	  
In	  order	  to	  detect	  the	  presence	  of	  ionising	  radiation,	  it	  is	  necessary	  to	  understand	  its	  
interactions	  with	  matter.	  By	  exploiting	  such	  interactions,	  radiation	  detectors	  are	  able	  
to	  function.	  Different	  types	  of	  radiation	  can	  behave	  differently;	   it	   is	   for	  this	  reason	  
that	   any	   detector	  must	   be	   carefully	   designed	   depending	   on	   what	   radiation	   it	   will	  
measure.	  
	  
2.3.1	   Heavy	  Charged	  Particle	  Interactions	  
The	   first	   form	   of	   radiation	   to	   be	   considered	   is	   heavy	   charged	   particle	   radiation.	  
When	   discussing	   this	   type	   of	   ionising	   radiation,	   the	   most	   important	   interaction	  
mechanism	  to	  be	  considered	   is	   the	  Coulomb	  force.	  That	   is,	  as	  any	  charged	  particle	  
passes	   through	  a	  material	  of	   interest,	   the	  positive	   charge	  of	   the	  charged	  particle’s	  
nucleus	  will	  experience	  a	  Coulombic	  attraction	  to	  the	  electrons	  present	  in	  the	  outer	  
orbitals	  of	  the	  nearby	  atoms.	  This	  interaction	  between	  the	  charged	  particle	  and	  the	  
electrons	   will	   lead	   to	   a	   transfer	   of	   momentum	   and	   energy	   from	   the	   energetic	  
charged	  particle	  to	  the	  electrons.	  Due	  to	  Coulombic	  attractions	  in	  all	  directions	  and	  
the	  relatively	   large	  mass	  of	   the	  charged	  particle	  compared	  to	   the	  electrons,	  as	   the	  
particle	  loses	  energy	  and	  slows	  down	  in	  any	  material,	  its	  directional	  motion	  tends	  to	  
remain	  largely	  unchanged.	  The	  intensity	  of	  such	  Coulombic	  attractions	  between	  two	  
charged	  particles	  is	  governed	  by	  Coulomb’s	  law	  (see	  Equation	  2.7);	  it	  is	  known	  to	  be	  
proportional	   to	   both	   the	   magnitude	   of	   the	   two	   charges,	  𝐪𝟏	  and	  𝐪𝟐,	   involved	   and	  
inversely	  proportional	  to	  the	  square	  of	  their	  separation,	  r,	  such	  that:	  
	  𝐅𝐂𝐨𝐮𝐥𝐨𝐦𝐛 ∝ 𝐪𝟏𝐪𝟐𝐫𝟐 	   	   	   	   	   	   	   	   Equation	  2.7	  
	  
Because	  heavy	  charged	  particle	  radiation	  is	  considered	  to	  be	  relatively	  heavy	  and	  has	  
more	   charged	   particles	   than	   other	   forms	   of	   ionising	   radiation,	   according	   to	  
Coulomb’s	   law,	   it	   will	   produce	   the	   strongest	   attraction	   between	   itself	   and	   the	  
neighbouring	  electrons	  of	  the	  material.	  Although	  the	  intensity	  of	  the	  interactions	  to	  
take	   place	   depends	   on	   the	   Coulomb	   attraction,	   the	   maximum	   amount	   of	   energy	  
transferred	   in	   each	   individual	   interaction	   is	   instead	   governed	   by	   the	   law	   of	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conservation	  of	   linear	  momentum,	  as	  explained	   further	   in	   [12	  –	  R.	   Feynman].	   It	   is	  
found	  that,	  in	  a	  single	  interaction,	  a	  heavy	  charged	  particle	  can	  transfer	  up	  to	  0.2%	  
of	  its	  initial	  energy	  per	  nucleon	  to	  any	  given	  electron,	  as	  mentioned	  in	  [6	  –	  G.	  Knoll,	  
p.	  30-­‐31].	  	  
	  
After	  an	  energy	  transfer	  between	  an	  electron	  and	  a	  heavy	  charged	  particle,	  one	  of	  
two	   events	   can	   occur:	   the	   electron	  will	   gain	   energy	   and	  migrate	   to	   a	   higher	   level	  
electron	   shell,	   or,	   if	   enough	   energy	   is	   transferred,	   the	   electrons	   will	   leave	   their	  
original	   atoms	   to	   become	   free	   electrons.	   The	   energy	   required	   for	   any	   electron	   to	  
break	  away	  from	  its	  atom	  is	  known	  as	  its	  electron	  ionisation	  energy.	  When	  referring	  
to	  tables	  for	  ionisation	  energy	  values	  of	  common	  elements,	  such	  as	  [13	  –	  Williams],	  
it	   is	   found	  that	  multiple	  values	  exist	   for	  a	  single	  element.	  This	  phenomenon	  occurs	  
due	  to	  the	  changing	  Coulombic	  forces	  between	  a	  nucleus	  and	  its	  electrons	  as	  more	  
of	   them	  are	   released,	   due	   to	   the	   different	   electron	   shells	   having	   different	   binding	  
energies.	  	  
	  
If,	   for	   example,	   an	   alpha	   particle	   was	   to	   interact	   with	   an	   electron	   and	   transfer	   a	  
quantity	   of	   energy	   greater	   than	   the	   ionisation	   energy	   of	   the	   target	   atom,	   the	  
electron	  will	   escape.	   This	  will	   result	   in	   the	  presence	  of	   both	   a	   free	   electron	   and	  a	  
positive	  ion	  to	  form	  an	  ion	  pair.	  In	  order	  for	  an	  incident	  alpha	  particle	  to	  lose	  all	  its	  
energy	   and	   come	   to	   a	   halt,	  many	   interactions	  will	   need	   to	   take	  place;	   as	   a	   result,	  
multiple	   ion	  pairs	  may	  form.	  Without	  any	  external	   influence,	   the	  tendency	  for	   free	  
electrons	   and	   their	   corresponding	   positive	   ions	   is	   to	   recombine	   and	   re-­‐form	   a	  
neutral	   atom.	  However,	   because	   the	  presence	  of	   such	   ion	  pairs	   is	   essential	   to	   the	  
detection	   of	   incident	   radiation	   within	   a	   suitable	   gas-­‐filled	   radiation	   detector,	   an	  
electric	  field	  is	  introduced	  to	  reduce	  the	  likelihood	  of	  recombination.	  The	  concept	  of	  
ionisation	  energy	  will	  not	  be	  discussed	  further	  in	  this	  thesis;	  however,	  other	  sources,	  
such	  as	  [14	  –	  J.	  Clark],	  can	  be	  referred	  to	  for	  more	  information.	  
	  
An	   important	   parameter	   when	   discussing	   the	   range	   of	   heavy	   charged	   particles	  
travelling	  through	  matter	  is	  the	  target	  material’s	  stopping	  power.	  By	  definition,	  the	  
stopping	   power	   refers	   to	   the	   energy	   lost	   by	   an	   incident	   charged	   particle	   per	   step	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length,	  or	  distance	  travelled	  between	  subsequent	  scattering	  events.	  This	  energy	  loss	  
is	  more	  commonly	  expressed	  in	  terms	  of	  a	  differential	  known	  as	  the	  Bethe	  formula,	  
where	  dE/dx	   is	  the	  rate	  of	  energy	  loss,	  e	  is	  the	  electron	  charge,	  ze	  is	  the	  charge	  of	  
the	  incident	  particle,	  v	  is	  the	  velocity	  of	  the	  incident	  particle,	  c	  is	  the	  speed	  of	  light,	  N	  is	  the	  number	  density	  of	  the	  material,	  Z	  is	  the	  atomic	  number	  of	  the	  material	  and	  
mo	   is	   the	   rest	   mass	   of	   the	   electron.	   I	   is	   a	   characteristic	   parameter	   that	   is	  
experimentally	   determined	   for	   each	   element	   and	   relates	   to	   its	   excitation	   and	  
ionisation	  potential.	  The	  complete	  equation,	  from	  [6	  –	  G.	  Knoll,	  p.	  30-­‐31],	  is	  shown	  
in	  Equation	  2.8.	  
	  −𝐝𝐄𝐝𝐱 = 𝟒𝛑𝐞𝟐 𝐳𝐞 𝟐𝐦𝐨𝐯𝟐 𝐍𝐙 𝐥𝐧 𝟐𝐦𝐨𝐯𝟐𝐈 − 𝐥𝐧 𝟏 − 𝐯𝟐𝐜𝟐 − 𝐯𝟐𝐜𝟐 	   	   	   Equation	  2.8	  
	  
For	  non-­‐relativistic	  particles,	  the	  energy	  loss	  varies	  inversely	  with	  the	  particle	  energy,	  
as	  shown	  by	  the	  1/v2	  term.	  This	  relationship	  can	  be	  expressed	  in	  the	  form	  of	  a	  Bragg	  
curve;	  an	  example	  curve	   is	   shown	   in	  Figure	  2.1.	  The	  peak	   in	   such	  curves	  occurs	  at	  
low	  energies	   just	   before	   the	  heavy	   charged	  particles	   come	   to	   a	   halt;	   it	   is	   at	   these	  
energies	  that	  the	  likelihood	  for	  the	  heavy	  charged	  particle	  to	  undergo	  charge	  pickup	  
becomes	  significant,	  as	  discussed	  in	  [6	  –	  G.	  Knoll,	  p.	  33].	  
	  
	  
Figures	   2.1	   [from	   6	   –	   G.	   Knoll,	   p.	   33]:	   The	   energy	   loss	   along	   a	   several	  MeV	   alpha	   track	   travelling	  
through	  matter.	  
	  
It	  was	  also	  found	  that	  the	  amount	  of	  energy	  lost	  for	  a	  specific	  charged	  particle	  within	  
a	  particular	  material	   is	  dependent	  on	  the	  atom	  density	   (atoms	  per	  unit	  volume)	  of	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the	  material	  as	  well	  as	  the	  atomic	  number	  and	  charge	  of	  the	  incident	  particle.	  This	  
result	   can	   be	   expected	   because	   materials	   with	   a	   high	   atomic	   density	   possess	   a	  
relatively	   greater	   number	   of	   atoms	   and	   electrons	   than	   lower	   atomic	   density	  
materials	  for	  a	  given	  volume.	  Similarly,	  high	  atomic	  number	  atoms	  will	  possess	  more	  
electrons	   then	   low	  atomic	  number	  atoms	   to	  produce	  more	  Coulombic	   interactions	  
with	   any	   nearby	   charged	   particles.	   The	   Coulomb	   attractions	   between	   a	   charged	  
particle	   and	   the	   electrons	   in	   a	   target	   material	   will	   contribute	   to	   its	   electronic	  
stopping	  power.	  It	  is	  for	  this	  reason	  that	  highly	  charged	  particles,	  such	  as	  the	  alpha	  
particle,	  have	  relatively	  high	  rates	  of	  energy	  loss.	  	  
	  
It	   is	   also	  possible	   for	   interactions	   to	  occur	  between	   the	   incident	   radiation	  and	   the	  
nuclei	  of	   the	   target	  material;	   this	   is	  known	  as	   the	  nuclear	  stopping	  power.	   In	  both	  
cases,	   if	  the	  energy	  deposited	  by	  the	  charged	  particle	   is	  sufficient	  to	  overcome	  the	  
ionisation	  energy	  of	   the	   target	  material,	  one	  or	  more	   ion	  pairs	  can	  then	   form;	   this	  
will	  serve	  as	  the	  basis	  of	  the	  detection	  mechanism	  for	  such	  radiation	  detectors	  and	  
will	  be	  discussed	  in	  Section	  3.2.	  It	  is	  for	  this	  purpose	  that	  the	  materials	  chosen	  and	  
their	   corresponding	   stopping	   power	   must	   be	   considered	   when	   designing	   a	   heavy	  
charged	  particle	  radiation	  detector.	  [15	  –	  K.	  Holbert]	  provides	  in	  in-­‐depth	  discussion	  
of	  calculations	  concerning	  the	  range	  of	  charged	  particles	  in	  matter.	  
	  
2.3.2	   Beta	  Particle	  Interactions	  
Beta	  particles	  are	  the	  second	  kind	  of	  charged	  particle	  radiation	  to	  be	  discussed;	  they	  
behave	  similarly	  to	  heavy	  charged	  particles	  when	  traversing	  though	  different	  forms	  
of	  matter.	  While	  alpha	  particles	  are	  considered	  to	  be	  identical	  to	  helium	  nuclei,	  beta	  
particles	   are	   considered	   to	   be	   identical	   in	   nature	   to	   fast-­‐moving	   electrons	   (or	  
positrons).	  The	  magnitude	  of	  the	  charge	  possessed	  by	  any	  beta	  particle	  will	  be	  half	  
of	  that	  possessed	  by	  an	  alpha	  particle;	  this	   is	  due	  to	  the	  fact	  that	  an	  alpha	  particle	  
contains	  two	  charged	  particles	  (two	  protons).	  As	  a	  result	  of	  their	  charged	  nature,	  an	  
essential	   interaction	  to	  consider	  between	  beta	  particles	  and	  matter	  is	  the	  Coulomb	  
force.	  In	  this	  case,	  the	  nature	  of	  the	  Columbic	  force	  will	  depend	  on	  the	  charge	  of	  the	  
incident	  radiation.	  That	  is,	  if	  the	  incident	  particle	  is	  a	  negatively	  charged	  beta	  particle	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(electron),	  it	  will	  witness	  a	  repulsive	  Coulomb	  force	  from	  any	  nearby	  electrons.	  If	  the	  
incident	  particle	  is	  a	  positively	  charged	  beta	  particle	  (positron),	  it	  will	  experience	  an	  
attractive	   Coulomb	   force	   from	   any	   neighbouring	   electrons,	   before	   ultimately	  
annihilating	   with	   an	   electron	   and	   forming	   two	   511	   keV	   photons	   in	   opposite	  
directions.	  
	  
Another	   significant	   difference	   to	   be	   considered	   between	   beta	   particles	   and	   their	  
heavy	  charged	  particle	  counterparts	   is	   the	   large	  variation	   in	  mass.	  For	  example,	  an	  
alpha	  particle	  consists	  only	  of	  two	  protons	  and	  two	  neutrons,	  which	  contribute	  to	  a	  
total	  mass	  of	  about	  6.64	  x	  10-­‐27	  kg.	  Beta	  particles,	  on	  the	  other	  hand	  have	  a	  mass	  of	  
approximately	   9.11	   x	   10-­‐31	   kg.	   The	   maximum	   amount	   of	   energy	   transferrable	  
depends	   on	   the	   mass	   of	   both	   the	   incident	   radiation	   particle	   and	   the	   electrons	  
present	   in	  the	  target	  material.	  A	  significantly	   larger	  energy	  percentage	  can	  thus	  be	  
transferred	  in	  a	  single	  beta	  collision	  when	  compared	  to	  heavy	  charged	  particles;	  it	  is	  
possible	  for	  an	  electron	  to	  lose	  the	  majority	  of	  its	  energy	  in	  a	  single	  interaction.	  For	  a	  
beta	  particle,	  the	  energy	  loss	  is	  slightly	  different	  due	  to	  their	  small	  mass	  and	  because	  
they	  are	  indistinguishable	  with	  electrons;	  the	  Bethe	  formula	  mentioned	  in	  Equation	  
2.8	  cannot	  be	  used	  as	  is	  and	  will	  require	  slight	  modifications	  to	  become	  applicable,	  
as	  discussed	  in	  [7	  –	  K.	  Krane,	  p.	  196].	  The	  updated	  equation	  also	  derived	  by	  Bethe	  is	  
shown	  in	  Equation	  2.9,	  from	  [6	  –	  G.	  Knoll,	  p.	  44-­‐45].	  
	  −𝐝𝐄𝐝𝐱 = 𝟐𝛑𝐞𝟒𝐦𝐨𝐯𝟐 𝐍𝐙 𝐥𝐧 𝐄𝐦𝐨𝐯𝟐𝟐𝐈𝟐 𝟏(𝐯𝟐𝐜𝟐 − 𝐥𝐧	  𝟐 𝟐 𝟏 − 𝐯𝟐𝐜𝟐 − 𝟏 + 𝐯𝟐𝐜𝟐 +𝟏 − 𝐯𝟐𝐜𝟐 + 𝟏𝟖 𝟏 − 𝟏 − 𝐯𝟐𝐜𝟐 𝟐 	   	   	   Equation	  2.9	  
	  
As	  also	  suggested	  in	  [7	  –	  K.	  Krane,	  p.	  196],	  the	  identical	  masses	  of	  beta	  particles	  and	  
any	  neighbouring	  electrons	  will	  greatly	  increase	  the	  likelihood	  for	  the	  beta	  particles	  
to	   suffer	   large	  deflections	   from	  their	   initial	   trajectories.	  Such	  erratic	  motion	  of	   the	  
beta	   particles	   in	   matter	   makes	   it	   more	   difficult	   to	   establish	   the	   total	   distance	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travelled;	  the	  recorded	  range	  of	  the	  particles	  does	  not	  serve	  as	  a	  definitive	  measure	  
of	  their	  penetrating	  capabilities.	  
	  
It	   can	   be	   said	   that	   one	   of	   the	   most	   important	   interactions	   for	   charged	   particle	  
radiation	   are	   Coulombic	   forces.	   The	   nuclei	   of	   atoms	   are	   also	   susceptible	   to	   such	  
attractive	  or	   repulsive	   forces	  with	   the	   incident	   charged	  particles.	  However,	   atomic	  
nuclei	   are	   rarely	   considered	   to	   have	   a	   significant	   impact	   on	   the	   energy	   loss	  
mechanisms	   due	   to	   their	   minimal	   diameter	   (≈	   10-­‐15	   m)	   when	   compared	   to	   the	  
diameter	   of	   the	   atom	   (≈	   10-­‐10	   m).	   While	   the	   Coulomb	   force	   exists	   between	   all	  
charged	  particles	  over	   an	   infinite	   range,	   its	   intensity	  decreases	  dramatically	   as	   the	  
distance	   increases	   (see	   Equation	   2.7).	   As	   a	   result,	   only	   charged	   particles	   in	   close	  
proximity	   to	  one	  another	  will	  be	  subjected	   to	  a	  significant	  Coloumbic	  attraction	  or	  
repulsion.	  
	  
It	   is	   possible,	   however,	   for	   charged	   particles	   to	   also	   lose	   energy	   via	   radiative	  
processes.	   Such	   energy	   losses	   manifest	   as	   bremsstrahlung	   or	   electromagnetic	  
radiation,	   as	   discussed	   in	   [6	   –	   G.	   Knoll,	   p.	   44-­‐45].	   While	   it	   is	   possible	   for	   heavy	  
charged	   particles	   to	   exhibit	   such	   energy	   losses,	   the	   yield	   of	   bremsstrahlung	   is	  
negligible	  and	  thus	  radiative	  energy	  loss	  is	  not	  typically	  considered.	  Electrons,	  on	  the	  
other	   hand,	   are	   capable	   of	   producing	   significant	   yields	   of	   bremsstrahlung	   and	   this	  
process	  becomes	  important	  to	  consider	  for	  their	  interactions	  and	  energy	  losses.	  It	  is	  
possible	   to	   express	   energy	   losses	   via	   such	   processes	   in	   an	   equation,	   as	   shown	   in	  
Equation	  2.10.	  
	  −𝐝𝐄𝐝𝐱 = 𝐞𝟒𝟏𝟑𝟕𝐦𝐨𝟐𝐜𝟒 𝐍𝐄𝐙 𝐙 + 𝟏 𝟒𝐥𝐧 𝟐𝐄𝐦𝐨𝐜𝟐 − 𝟒𝟑 	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Equation	  2.10	  
	  
The	   total	   energy	   loss	   of	   electrons	   thus	   becomes	   the	   sum	   of	   Equation	   2.9	   and	  
Equation	  2.10.	  The	  relationship	  between	  the	  two	  processes	  can	  also	  be	  considered,	  
from	  [6	  –	  G.	  Knoll,	  p.	  44-­‐45],	  as	  shown	  in	  Figure	  2.11.	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𝐝𝐄𝐝𝐱 𝐫 𝐝𝐄𝐝𝐱 𝐜 ≅ 𝐄𝐙𝟕𝟎𝟎	   	   	  	  	  	  	  	  	  	  	  	  	  	   	   	   	   	   	  	  	  	  	  	  	  	  	  	  	  	  Equation	  2.11	  
	  
The	  𝐫	  subscript	  refers	  to	  radiative	  energy	  loss,	  whereas	  the	  𝐜	  subscript	  relates	  to	  the	  
energy	  losses	  suffered	  from	  Coulombic	  interactions.	  From	  Equation	  2.11,	  it	  is	  shown	  
that	   the	   ratio	   is	   dependent	   on	   both	   the	   energy	   of	   the	   electron	   and	   the	   atomic	  
number.	   Because	   beta-­‐radiation	   electrons	   tend	   to	   have	   energies	   of	   under	   a	   few	  
MeV,	   the	   impact	   of	   radiative	   energy	   losses	   usually	   only	   becomes	   significant	   in	  
materials	  with	  higher	  atomic	  number.	  
	  
2.3.3	   Photon	  Interactions	  
The	  two	  forms	  of	  ionising	  radiation	  classified	  as	  photons	  are	  gamma	  rays	  and	  X	  rays.	  
Due	   to	   the	   charge-­‐less	   nature	   of	   photons,	   they	   are	   not	   subjected	   to	   Coulombic	  
forces	  with	   any	   neighbouring	   atoms.	   As	   a	   result,	   they	   tend	   to	   exhibit	   significantly	  
longer	  penetrating	   capabilities	  within	  matter.	  However,	   this	   range	  will	   still	   depend	  
on	  the	  initial	  energy	  of	  the	  photon	  and	  also	  on	  the	  density	  and	  atomic	  number	  of	  the	  
target	  material.	  
	  
Despite	  possessing	  zero	  charge	  and	  travelling	  at	  the	  speed	  of	  light,	  photons	  are	  still	  
able	   to	   interact	   with	   matter.	   The	   three	   major	   mechanisms	   through	   which	   such	  
interactions	   can	   occur	   are	   known	   as	   the	   photoelectric	   effect,	   Compton	   scattering	  
and	   pair	   production.	   Schematic	   diagrams	   for	   each	   of	   these	   three	   phenomena	   are	  
shown	  in	  Figures	  2.2.	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Figures	   2.2	   [from	   16	   –	   C.R.	   Nave]:	   (a)	   Photo-­‐electric	   effect;	   (b)	   Compton	   scattering;	   (c)	   Pair	  
production.	  
	  
At	  low	  photon	  energies	  of	  up	  to	  a	  few	  hundred	  keV,	  the	  photoelectric	  effect	  is	  found	  
to	   be	   favoured	   over	   other	   competing	  mechanisms.	   In	   the	   photoelectric	   effect,	   an	  
incident	  photon	  interacts	  with	  a	  nearby	  atom.	  Upon	  absorbing	  the	  photon,	  the	  atom	  
enters	  an	  excited	  state.	  Providing	  the	  energy	  gained	  from	  the	  photon	  is	  greater	  than	  
the	   electron	   binding	   energy	   of	   the	   target	   material,	   an	   electron	   is	   subsequently	  
emitted.	   The	  photon	  absorption	  probability	  within	   a	  particular	   atom	  was	   found	   to	  
increase	   significantly	   with	   the	   atomic	   number,	   Z,	   (roughly	   proportional	   to	   Z4)	   and	  
decrease	   significantly	   with	   the	   energy	   of	   the	   incident	   photon,	   Eγ,	   (roughly	  
proportional	   to	   Eγ	   –	   3),	   from	   [7	   –	   K.	   Krane,	   p.	   198-­‐199].	   It	   is	   due	   to	   this	   high	  
dependence	  on	  the	  atomic	  number	  of	  the	  target	  matter	  that	  high	  atomic	  materials,	  
such	   as	   lead,	   are	   commonly	   employed	   as	   effective	   shielding	   materials	   against	  
gamma	  ray	  sources.	  
	  
At	  higher	  photon	  energies	  of	  the	  order	  of	  a	  few	  MeV,	  a	  second	  photon	   interaction	  
mechanism	   begins	   to	   dominate	   in	   the	   form	   of	   Compton	   scattering.	   For	   Compton	  
scattering,	  the	  incident	  photon	  interacts	  directly	  with	  electrons	  and,	  upon	  doing	  so,	  
is	   scattered	   at	   an	   angle	   with	   respect	   to	   its	   initial	   direction.	   As	   the	   photon	   is	  
(b)	  (a)	  
(c)	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scattered,	   it	   transfers	   a	  portion	  of	   its	   energy	   to	   the	   struck	  electron.	   This	   energy	   is	  
proportional	  to	  the	  angle	  of	  scattering.	  Because	  a	  wide	  range	  of	  scattering	  angles	  is	  
possible,	   it	   is	   also	   possible	   for	   a	   wide	   range	   of	   energies	   to	   be	   transferred	   to	   the	  
electron	   in	   question.	   If	   this	   portion	  of	   energy	   is	   then	   found	   to	   be	  higher	   than	   the	  
binding	  energy	  for	  the	  target	  electron,	  it	  will	  be	  released	  from	  the	  atom.	  	  
	  
At	   even	   higher	   photon	   energies,	   typically	   greater	   than	   5	   MeV,	   a	   third	   photon	  
interaction	   mechanism	   known	   as	   pair	   production	   becomes	   the	   most	   favoured.	   In	  
order	   for	  pair	  production	   to	  even	  be	  possible,	   a	  minimum	  photon	  energy	  of	   twice	  
the	  electron	  rest	  mass	  (0.511	  MeV),	  or	  1.02	  MeV,	  is	  required.	  However,	  even	  at	  such	  
energies,	  the	  probability	  of	  pair	  production	  remains	  relatively	  low.	  Instead,	  energies	  
of	   several	  MeV	   are	   required	   before	   pair	   production	   tends	   becomes	   the	   dominant	  
photon	   interaction	  mechanism.	  Pair	  production	  occurs	  when	  a	  high-­‐energy	  photon	  
interacts	  with	   a	   nearby	  nucleus	   and,	   after	   transferring	   its	  momentum,	   the	  photon	  
creates	  an	  electron-­‐positron	  pair.	  
	  
Although	   incident	  photons	  are	  not	  capable	  of	   interacting	  with	  atomic	  electrons	  via	  
the	   Coulomb	   force,	   the	   three	   main	   interaction	   mechanisms	   to	   liberate	   electrons	  
have	  been	  discussed.	  A	  graphical	   representation	  of	   the	  different	  energies	  at	  which	  
each	  of	  the	  different	  processes	  becomes	  dominant	  is	  shown	  in	  Figure	  2.3.	  
	  
	  
Figure	   2.3	   [from	   6	   –	   G.	   Knoll,	   p.	   52]:	   The	   energy	   ranges	   at	   which	   the	   three	   photon	   interaction	  
processes	  become	   favourable.	   The	   solid	   lines	   represent	   the	   Z	   and	  hv	   values	  where	   two	  effects	   are	  
equal.	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2.3.3	   Neutron	  Interactions	  
Neutrons	   are	   considered	   to	   be	   relatively	   heavy	   sub-­‐atomic	   particles	   with	   a	   mass	  
similar	   to	   that	   of	   the	   charged	   proton.	   However,	   as	   their	   name	   seems	   to	   suggest,	  
neutrons	  are	  neutral	  and	  possess	  no	  charge.	  As	  a	  result	  of	  their	  charge-­‐less	  nature,	  
neutrons	   cannot	   undergo	   nuclear	   interactions	   via	   the	   Coulomb	   force.	   For	   this	  
reason,	   neutrons	   tend	   to	   possess	   relatively	   large	   penetration	   depths	   within	  
materials.	  Similar	  to	  incident	  photons,	  the	  likelihood	  for	  any	  interaction	  with	  matter	  
to	  take	  place	  will	  depend	  on	  the	  initial	  energy	  of	  the	  incident	  neutrons,	  as	  well	  as	  the	  
material	   through	   which	   it	   will	   travel.	   As	   a	   neutron	   travels	   through	   any	   form	   of	  
matter,	  it	  can	  undergo	  direct	  interactions	  with	  the	  target	  nuclei.	  In	  such	  interactions,	  
the	   incident	   neutron	   is	   either	   scattered	   off	   the	   nucleus	   or	   is	   absorbed	   by	   the	  
nucleus.	   Upon	   absorbing	   the	   neutron,	   if	   the	   nucleus	   becomes	   unstable,	   will	   then	  
tend	   to	   undergo	   a	   nuclear	   decay	   to	   regain	   stability.	   In	   the	   majority	   of	   neutron	  
absorption	   decays,	   it	   is	   found	   that	   the	   most	   favourable	   form	   of	   decay	   is	   the	  
production	  of	  heavy	  charged	  particles,	  as	  suggested	  in	  [6	  –	  G.	  Knoll,	  p.	  55-­‐56].	  
	  
Because	   of	   the	   high	   dependence	   of	   neutron	   interactions	   on	   their	   incident	   energy,	  
neutrons	   are	   often	   divided	   into	   two	   energy	   ranges:	   thermal	   neutrons	   and	   fast	  
neutrons.	  The	  precise	  energy	  separation	  limits	  for	  the	  two	  categories	  tends	  to	  vary	  
slightly	  from	  different	  reference	  sources.	  One	  accepted	  separation	  limit	  is	  that	  slow	  
neutrons	   are	   represented	  by	  neutron	  energies	  of	   up	   to	  0.5	   eV,	  with	   fast	   neutrons	  
then	  represented	  by	  neutron	  energies	  of	  higher	  than	  0.5	  eV,	  from	  [6	  –	  G.	  Knoll,	  p.	  
55-­‐56];	  0.5	  eV	  represents	  the	  cut-­‐off	  energy	  for	  the	  cadmium	  absorption	  edge.	  Via	  
numerous	   elastic	   collisions	   with	   nearby	   nuclei,	   slow	   neutrons	   can	   lose	   enough	  
energy	  until	  they	  enter	  a	  state	  of	  thermal	  equilibrium	  with	  the	  surrounding	  material.	  
Under	   such	   conditions,	   the	   neutrons	   are	   referred	   to	   as	   thermal	   neutrons	   and	  
possess	   energies	   of	   0.025	   eV	   at	   room	   temperature.	   Similar	   to	   all	   other	   forms	   of	  
radiation,	   in	   order	   to	   detect	   the	   presence	   of	   neutrons,	   the	   formation	   of	   ion	   pairs	  
within	  the	  detector	  becomes	  a	  necessity.	  
	  
When	  slow	  neutrons	  collide	  with	  any	  neighbouring	  nuclei,	  only	  minimal	  quantities	  of	  
energy	  are	  transferred.	  The	  most	  important	  mechanism	  by	  which	  slow	  neutrons	  can	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create	   ion	   pairs	   is	   thus	   via	   a	   two-­‐step	   process.	   As	   an	   incident	   thermal	   neutron	  
interacts	   with	   surrounding	   nuclei,	   there	   is	   a	   chance	   for	   it	   to	   be	   absorbed;	   this	  
probability	  is	  more	  commonly	  referred	  to	  as	  the	  neutron	  absorption	  cross-­‐section	  of	  
the	  material.	  Plots	  of	  the	  neutron	  absorption	  likelihood	  in	  three	  different	  materials	  
commonly	  used	  for	  neutron	  detection	  due	  to	  their	  relatively	  high	  cross-­‐sections	  are	  
shown	  in	  Figure	  2.4.	  
	  
	   	  
Figure	  2.4	  [from	  7	  –	  K.	  Krane,	  p.	  452]:	  Neutron	  absorption	  cross-­‐sections	  for	  helium-­‐3,	  boron-­‐10	  and	  
lithium-­‐6.	  The	  energies	  at	  each	  point	  represent	  the	  initial	  energies	  of	  the	  incident	  neutrons.	  The	  plots	  
show	  how	  the	  cross	  section	  varies	  as	  v-­‐1,	  or	  E-­‐0.5,	  for	  neutron	  energies	  below	  approximately	  10	  keV.	  
	  
For	  each	  different	  material,	  the	  absorption	  cross-­‐section	  value	  will	  be	  a	  constant	  for	  
a	  given	  neutron	  energy.	  The	  efficiency	  of	  any	  neutron	  detector	  to	  be	  developed	  will	  
thus	  also	  depend	  on	  the	  cross-­‐section	  of	  the	  selected	  neutron	  conversion	  material.	  
Because	  helium-­‐3	  is	  more	  likely	  to	  absorb	  an	  incident	  neutron	  than	  boron	  tri-­‐fluoride	  
(BF3),	   a	   higher	   number	   of	   interaction	   events	   can	   be	   registered	   within	   a	   helium-­‐3	  
detector	   for	   the	  same	  amount	  of	  gas	   in	   the	  presence	  of	   the	   same	  neutron	   flux.	   In	  
both	   cases,	   upon	   absorbing	   a	   neutron,	   the	   now	   unstable	   nuclei	   will	   undergo	   a	  
radiative	  decay	  process.	   The	   result	   of	   such	  decays	  will	   be	   the	  emission	  of	   a	  heavy	  
charged	  particle.	  These	  heavy	  charged	  particles	  can	  then	  interact	  with	  nearby	  matter	  
via	  standard	  Coulomb	  interactions	  to	  liberate	  electrons	  and	  thus	  form	  the	  necessary	  
(b
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)	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ion	  pairs	   for	  neutron	  detection.	  On	  the	  other	  hand,	   for	  any	   incident	   fast	  neutrons,	  
the	   likelihood	   for	   their	   absorption	   tends	   to	   be	   significantly	   lower.	   As	   a	   result,	  
neutron	  absorption	  does	  not	  tend	  to	  be	  a	  suitable	   interaction	  mechanism	  for	  their	  
detection.	  
	  
It	  is	  possible	  for	  electrons	  to	  be	  liberated	  via	  elastic	  collisions	  between	  fast	  neutrons	  
and	  nearby	  atoms	  via	  a	  sufficient	  energy	  transfer.	  However,	  such	   interactions	  tend	  
to	   be	   rare	   occurrences	   in	   typical	   radiation	   detectors	  with	   a	   radius	   of	   only	   several	  
centimetres.	   Different	   methods	   to	   detect	   fast	   neutrons	   are	   thus	   implemented.	   A	  
material	   consisting	   of	   a	   high	   concentration	   of	   hydrogen	   atoms,	   such	   as	   water	   or	  
paraffin	   wax,	   is	   usually	   employed	   to	   moderate,	   or	   slow	   down,	   the	   incident	   fast	  
neutrons.	   The	   benefit	   of	   using	   hydrogen-­‐rich	   materials	   as	   a	   neutron	   moderating	  
material	   is	   due	   to	   the	   similarities	   in	   masses	   between	   a	   neutron	   and	   a	   hydrogen	  
nucleus.	  Hydrogen	  nuclei	  are	  made	  up	  of	  a	  single	  proton	  and,	  upon	  colliding	  with	  a	  
neutron,	  they	  can	  transfer	  significant	  portions	  of	  energy	  in	  a	  single	  collision.	  This	  will	  
decrease	   the	   kinetic	   energy	   the	   neutrons	   possess	   to	   make	   a	   neutron	   absorption	  
reaction	  more	  likely.	  The	  subsequent	  formation	  of	  heavy	  charged	  particles	  will	  then	  
result	  in	  ion	  pairs	  for	  that	  can	  be	  detected.	  
	  
2.4	   Gas-­‐Filled	  Radiation	  Detectors	  
Different	   forms	  of	  gas-­‐filled	   radiation	  detectors	  are	   in	  common	  use	  within	  modern	  
societies.	  It	  is	  beneficial	  to	  consider	  the	  operating	  characteristics	  that	  allow	  for	  their	  
use.	   Depending	   on	   the	   type	   of	   radiation,	   however,	   different	  materials	   and	   design	  
considerations	  must	  be	  taken	  into	  account.	  	  It	  can	  be	  noted	  that	  typical	  interactions	  
that	   occur	  within	   any	   radiation	   detector	   occur	   very	   rapidly,	   typically	  within	   a	   few	  
nano-­‐seconds,	  as	  discussed	  in	  [6	  –	  G.	  Knoll,	  p.	  103].	  Any	  transfer	  of	  energy	  between	  
incident	   radiation	   and	   target	   electrons	   is	   considered	   to	   be	   a	   relatively	   instant	  
process.	  Any	  resulting	  ion	  pairs	  will	  then	  need	  to	  be	  detected	  to	  verify	  and	  quantify	  
the	  presence	  of	  radiation.	  Section	  2.2	  has	  briefly	  discussed	  the	  natural	  tendency	  for	  
the	  ion	  pairs	  to	  recombine	  with	  the	  free	  electrons.	  However,	  it	  is	  possible	  to	  prevent	  
this	   recombination	   by	   introducing	   a	   strong	   enough	   electric	   field	   between	   the	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detector	  electrodes.	  The	  conventional	  design	  of	  a	  gas-­‐filled	  Geiger-­‐Müller	  radiation	  
detector	  consists	  of	  a	  thin	  metallic	  anode	  rod	  that	  is	  centered	  within	  a	  larger	  hollow	  
metallic	   cylinder,	  which	   serves	   as	   the	   cathode.	   It	   is	   also	   necessary	   to	   isolate	   both	  
electrode	   components	   from	   each	   other;	   to	   accomplish	   this,	   glass	   seals	   or	   ceramic	  
insulators	   are	   most	   frequently	   used.	   A	   schematic	   diagram	   for	   a	   typical	   gas-­‐filled	  
detector	  is	  shown	  in	  Figure	  2.5.	  
	  
	  
Figure	  2.5	  [from	  17	  –	  RCT]:	  Schematic	  diagram	  of	  the	  design	  for	  a	  typical	  gas-­‐filled	  radiation	  detector.	  
	  
Different	  fill	  gas	  mixtures	  tend	  to	  be	  selected	  based	  on	  the	  radiation	  of	  interest.	  For	  
some	   detectors,	   the	   gas	   nuclei	   serve	   as	   a	   target	   for	   the	   production	   of	   charged	  
particles	  through	  nuclear	  reactions.	  Such	  fill	  gases,	  such	  as	  helium-­‐3,	  are	  commonly	  
used	   for	  neutron	  detectors.	  However,	  other	   techniques	  can	  also	  be	  used	  to	  obtain	  
the	   same	   result;	   for	   example,	   a	   fissionable	   coating	   can	   be	   deposited	   along	   the	  
internal	   surface	   of	   the	   cathode	   to	   interact	   with	   incident	   neutrons.	   In	   all	   cases,	  
however,	  the	  gas	  mixtures	  selected	  are	  chosen	  to	  encourage	  the	  propagation	  of	  ion	  
pairs	  through	  the	  detector	  to	  be	  collected	  as	  a	  signal.	  
	  
If	   a	   voltage,	   or	   potential	   difference,	   is	   introduced	   between	   two	   independent	  
electrodes,	  an	  electric	  field	  becomes	  present	  that	  flows	  from	  the	  positive	  electrode	  
(anode)	   to	   the	  negative	  electrode	   (cathode).	  Due	   to	   the	   cylindrical	  nature	  of	  most	  
gas-­‐filled	  detectors,	   a	   radial	  electric	   field	  becomes	  present	  between	   its	  electrodes.	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laboratory counters are called scalers.  More complex electronic systems, such as multi-|
channel analyzers and low background counting systems, are used to that provide more|
detailed and specific data than simple scalers.|
|
Detector Yield|
|
As all detectors measure radiation as a function of its observed effects, a correlation must|
be made between the effect and the incident radiation. For example, for all photons that|
enter a detector, only 25% may create an output pulse.  This detector would be said to|
have a yield of 25%.|
|
The less than 100% yield is caused by factors, such as size and shape of the detector; the|
characteristics of the detector materials; the energy of the radiation; and the probability of|
ionization for the radiation in the detector materials.  The yield is concerned only with the|
detector.|
|
Note, however, that detector yield is only a factor in overall instrument response to|
radiation.  The position of the detector relative to the source, scatter, and self absorption|
of the radiation by the source itself are some of the factors involved.|
|
|
GAS FILLED DETECTORS|
|
Basic Cons ruction|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
Any contained gas volume that has a pair of electrodes can serve as a gas filled ionization|
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Other	  detector	  shapes	  can	  also	  be	  used	  for	  particular	  applications,	  however,	  for	  this	  
thesis	  only	  the	  cylindrical	  cathode	  will	  be	  discussed.	  A	  schematic	  diagram	  of	  a	  radial	  
electric	  field	  between	  two	  cylindrical	  electrodes	  is	  shown	  in	  Figure	  2.6.	  
	  
	  
Figure	  2.6	   [from	  18	  –	  P.	  Ceperley]:	  The	   radial	  electric	   field	  between	  two	  cylindrical	  electrodes.	  The	  
electric	   field	   travels	   from	   the	   central	   positive	   anode	   to	   the	   outer	   negative	   cathode.	   The	   letters	  
displayed	  on	  the	  image	  are	  not	  relevant	  to	  the	  discussions	  of	  the	  electric	  field.	  
	  
The	   radial	   electric	   field	   strength,	   E,	   is	   known	   to	   be	   directly	   proportional	   to	   the	  
applied	  voltage,	  V,	  and	  also	  inversely	  proportional	  to	  the	  distance	  at	  which	  a	  point-­‐
of-­‐interest	   between	   the	   two	   electrodes	   is	   from	   the	   positive	   anode,	   r.	   This	   electric	  
field	   is	   also	   dependent	   on	   the	   radius	   of	   the	   anode,	   b,	   and	   the	   inner	   radius	   of	   the	  
cathode,	  a.	  This	  relationship	  is	  expressed	  in	  Equation	  2.12,	  as	  shown	  in	  [6	  –	  G.	  Knoll,	  
p.	  133-­‐134].	  
	  𝑬 = 𝑽𝒓	  ∙	  𝒍𝒏 𝒃𝒂 	   	   	   	   	   	   	   	   	  	  	  	  	  	  	  	  	  	  	  	  Equation	  2.12	  
	  
From	  Equation	  2.12,	  the	  electric	  field	  is	  found	  to	  be	  strongest	  at	  the	  surface	  of	  the	  
central	  anode	  (when	  r	  is	  at	  its	  minimum	  value).	  Conversely,	  the	  electric	  field	  will	  be	  
at	   its	   weakest	   close	   to	   the	   internal	   surface	   of	   the	   cathode	   wall	   (when	   r	   is	   at	   its	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maximum	  value).	  In	  the	  presence	  of	  the	  electric	  field,	  it	  becomes	  possible	  for	  the	  ion	  
pairs	  to	  drift	  towards	  the	  detector	  electrodes	  due	  to	  the	  electrostatic	  forces	  present;	  
the	  negatively	  charged	  electrons	  tend	  to	  flow	  towards	  the	  positive	  electrode	  of	  the	  
detector,	  while	   the	  positive	   ions	  will	   instead	  drift	   towards	   the	  negative	  cathode	  of	  
the	  detector.	  Due	  to	  the	  low	  masses	  of	  the	  electrons,	  they	  tend	  to	  accelerate	  quickly	  
towards	   the	   anode	   in	   gas-­‐filled	   detectors	   and	   typically	   reach	   it	  within	   a	  matter	   of	  
microseconds,	   from	   [6	   –	   G.	   Knoll,	   p.	   133-­‐134].	   The	   heavier	   positive	   ions,	   on	   the	  
other	  hand,	  take	  a	   longer	  time	  (of	  the	  order	  of	  milliseconds)	  to	  reach	  the	  cathode.	  
The	  slower	  drift	  of	   the	  sheath	  of	  positive	   ions	  will	   reduce	  with	  the	   intensity	  of	   the	  
electric	   field	   close	   to	   the	   anode	   wire.	   If	   a	   large	   enough	   quantity	   of	   positive	   ions	  
becomes	  present,	  electrons	  will	  no	   longer	  trigger	  any	  further	  avalanches.	  Once	  the	  
electric	  field	  returns	  to	  a	  suitably	  high	  value,	  any	  further	  electrons	  can	  once	  again	  be	  
detected.	   This	   phenomenon	   is	   most	   commonly	   observed	   in	   the	   Geiger-­‐Müller	  
counter	  due	  to	  the	  large	  number	  of	  ion	  pairs	  formed.	  	  
	  
2.4.1	   Operating	  Modes	  of	  Gas-­‐Filled	  Radiation	  Detectors	  
The	  value	  of	  the	  applied	  voltage	  between	  two	  electrodes	  will	  determine	  the	  strength	  
of	  the	  electric	  field	  present,	  as	  shown	  in	  Equation	  2.9.	   It	   is	  beneficial	  to	  consider	  a	  
range	   of	   different	   applied	   voltages	   and	   the	   resulting	   behaviour	   of	   the	   detector	  
operating	   within	   it.	   Figure	   2.6	   shows	   a	   plot	   of	   operating	   voltages	   for	   gas-­‐filled	  
detectors.	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Figure	  2.7	  [from	  19	  –	  W.	  Frass]:	  A	  plot	  of	  ion	  pairs	  collected	  as	  a	  function	  of	  the	  applied	  voltage	  within	  
a	  gas-­‐filled	  radiation	  detector.	  	  
	  
The	   exact	   voltage	   values	   for	   the	   operational	   zones	   in	   Figure	   2.7	   are	   displayed	   for	  
reference	  and	  are	  not	  typical	  of	  all	  gas-­‐filled	  radiation	  detectors.	  The	  true	  values	  for	  
a	  particular	  device	  will	  also	  depend	  on	  its	  gas	  fill	  and	  gas	  pressure.	  At	  relatively	  low	  
voltages,	  a	  gas-­‐filled	  detector	  operates	  in	  the	  recombination	  region.	  In	  such	  a	  case,	  
the	   electric	   field	   present	   will	   encourage	   the	   electrons	   and	   positive	   ions	   to	   drift	  
towards	   their	   respective	   electrodes.	   However,	   this	   electric	   field	   is	   not	   powerful	  
enough	   for	   all	   the	   electrons	   and	   positive	   ions	   to	   be	   collected	   because	   of	   ion	  
recombination.	   The	   electrical	   signals	   recorded	   by	   a	   radiation	   detector	   are	   formed	  
due	  to	  the	  flow	  of	  the	   ion	  pairs	  towards	  the	  electrodes.	  Any	  recombination	  effects	  
will	  thus	  produce	  a	  measured	  signal	  that	  will	  not	  accurately	  portray	  the	  true	  quantity	  
of	   ion	   pairs	   created	   by	   any	   incident	   radiation.	   Due	   to	   the	  misrepresentative	   final	  
reading,	  detectors	  are	  never	  operated	  within	  the	  recombination	  region.	  
	  
Raising	   the	   applied	   voltage	   between	   the	   detector	   electrodes	   will	   increase	   the	  
strength	  of	  the	  electric	  field	  present.	  At	  a	  certain	  value,	  this	  will	  cause	  any	  ion	  pairs	  
formed	   to	  accelerate	   towards	   the	  electrodes	   fast	  enough	   to	   render	   recombination	  
effects	   negligible.	   Under	   such	   circumstances,	   the	   detector	   is	   operating	   in	   the	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ionisation	  region.	  Although	  each	  ion	  pair	  has	  enough	  energy	  to	  reach	  the	  electrodes,	  
the	   energy	   is	   not	   sufficient	   to	   cause	   for	   any	   secondary	   ionisations.	   As	   such,	   the	  
energy	   deposited	   by	   the	   incident	   radiation	   is	   directly	   linked	   to	   the	   amount	   of	   ion	  
pairs	  formed	  and	  the	  current	  subsequently	  measured.	  Any	  detector	  operating	  in	  this	  
voltage	  region	  is	  more	  commonly	  referred	  to	  as	  an	  ionisation	  chamber.	  Such	  devices	  
are	   mostly	   used	   to	   monitor	   the	   current	   reading	   in	   the	   presence	   of	   a	   constant	  
radiation	  dose	   rates.	  While	   they	   can	  obtain	  energy	   information	  about	   the	   incident	  
radiation,	   other	   detector	   types	   are	   typically	   favoured	   for	   such	   applications.	   A	  
schematic	  diagram	  of	   ion	  pair	   formation	  within	  an	   ionization	   chamber	   is	   shown	   in	  
Figure	  2.8.	  
	  
	  
	  
Figure	  2.8	  [from	  20	  –	  M.	  Schönitzer]:	  A	  schematic	  sketch	  of	  ion	  pair	  formation	  and	  collection	  within	  a	  
simple	  ionisation	  chamber	  from	  an	  incident	  radiation	  particle	  (dotted	  line).	  
	  
If	   the	  voltage	  across	  the	  detector	   is	   increased	  further,	  any	   ion	  pairs	  accelerated	  by	  
the	  electric	  field	  possess	  enough	  energy	  to	  induce	  secondary	  ionisations	  of	  the	  gas.	  
In	   such	   voltage	   ranges,	   the	   device	   is	   operating	   in	   the	   proportional	   region	   and	   is	  
referred	   to	   as	   a	   proportional	   detector,	   or	   counter.	   The	   increase	   in	   electric	   field	  
strength	   close	   to	   the	   detector	   anode	   plays	   an	   important	   role	   in	   this	   region.	   As	  
emitted	  electrons	   are	   accelerated	   towards	   the	   anode,	   they	   are	   capable	  of	   causing	  
secondary	   electron	   emissions	   by	   transferring	   enough	   energy	   through	   collisions.	  
These	  secondary	  electrons	  are	  then	  capable	  of	  causing	  more	  electron	  emissions	  and	  
so	  on.	  This	  cascade	  effect,	  referred	  to	  as	  a	  Townsend	  avalanche,	  then	  continues	  until	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the	   electrons	   are	   collected	   at	   the	   anode,	   where	   the	   electric	   field	   is	   strongest.	   It	  
should	  be	  noted	  that	  such	  electrons	  avalanches	  are	  only	  triggered	  within	  a	  few	  step	  
lengths	  of	   the	  anode	  wire.	  Upon	  termination	  of	   the	  avalanche,	   it	   is	   found	  that	   the	  
original	  number	  of	  ion	  pairs	  formed	  by	  any	  incident	  radiation	  can	  be	  multiplied	  by	  a	  
factor	  of	  up	  to	  many	  thousands,	  from	  [6	  –	  G.	  Knoll,	  p.	  159-­‐160].	  This	  characteristic	  of	  
proportional	   counters	   helps	   to	   amplify	   the	   recorded	   signal;	   its	   main	   benefit	   is	   to	  
better	  distinguish	  any	  radiation	  events	  from	  electrical	  or	  background	  noise.	  The	  final	  
quantity	  of	  ion	  pairs	  measured	  is	  always	  proportional	  to	  the	  energy	  deposited	  within	  
the	   detector	   gas	   and	   can	   be	   used	   to	   gain	   insight	   into	   the	   energy	   of	   the	   incident	  
radiation	  particle.	  It	  is	  for	  this	  reason	  that	  a	  proportional	  detector	  is	  most	  commonly	  
used	   to	   produce	   energy	   spectra,	   or	   Pulse-­‐Height	   Spectra	   (PHS),	   to	   investigate	   the	  
nature	   of	   radiation	   sources.	   PHS	   will	   not	   be	   discussed	   in	   this	   thesis;	   more	  
information	  about	  their	  function	  and	  uses	   is	  shown	  in	  [6	  –	  G.	  Knoll,	  p.	  110-­‐111].	  A	  
schematic	  diagram	  showing	  the	  propagation	  of	  charge	  via	  the	  Townsend	  avalanche	  
is	  shown	  in	  Figure	  2.9.	  
	  	  
	  
Figure	   2.9	   [from	   21	   –	   ORAU]:	   Schematic	   diagram	   showing	   four	   ion	   pairs	   that	   propagate	   via	   the	  
Townsend	  avalanche.	  
	  
Increasing	   the	   applied	   voltage	   past	   the	   proportional	   region	   will	   cause	   the	   signal	  
multiplication	  capabilities	  of	  the	  detector	  to	   increase	  relatively	   linearly.	  That	   is,	  the	  
final	   signal	   will	   account	   for	   more	   ion	   pairs	   but	   is	   still	   proportional	   to	   the	   energy	  
deposited	   by	   any	   incident	   radiation.	   However,	   after	   surpassing	   a	   certain	   voltage	  
threshold,	   the	   detector	   will	   then	   enter	   a	   region	   of	   limited	   proportionality.	   In	   this	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voltage	  range,	  a	  Townsend	  avalanche	  still	  occurs	  for	  each	  radiation-­‐induced	  ion	  pair	  
formed.	   However,	   the	   large	   number	   of	   relatively	   heavy	   and	   slow-­‐moving	   positive	  
ions	  present	  will	  begin	  to	  influence	  the	  electric	  field.	  As	  a	  consequence	  of	  this,	  faster	  
moving	   electrons	   are	   subjected	   to	   a	   relatively	   weaker	   electric	   field;	   a	   linear	  
proportionality	   between	   the	   recorded	   signal	   and	   the	   energy	   deposited	  within	   the	  
detector	   gas	   no	   longer	   applies.	   It	   is	   for	   this	   reason	   that	   no	   gas-­‐filled	   radiation	  
detectors	  tend	  to	  be	  operated	  in	  the	  region	  of	  limited	  proportionality.	  
	  
If	   the	   applied	   voltage	   exceeds	   the	   range	   covered	   by	   the	   limited	   proportionality	  
region,	  the	  strength	  of	  the	  electric	  field	  begins	  to	  dramatically	  increase	  the	  ion	  pair	  
multiplication	  capabilities	  of	  the	  detector.	  Such	  voltages	  produce	  a	  detector	  that	   is	  
operating	  in	  the	  Geiger-­‐Müller,	  or	  Geiger,	  region;	  devices	  operated	  as	  such	  are	  called	  
Geiger-­‐Müller	   detectors,	   or	   counters.	   As	   an	   ion	   pair	   is	   produced,	   a	   corresponding	  
avalanche	   process	   commences	   similar	   to	   the	   Townsend	   avalanches	   previously	  
discussed.	  However,	  due	  to	   the	  higher	  electric	   field	  present	  when	  operating	   in	   the	  
Geiger	   voltage	   range,	   avalanche	   formations	   will	   occur	  more	   aggressively;	   ion	   pair	  
multiplication	  factors	  of	  up	  to	  1010	  can	  be	  observed,	  as	  discussed	  in	  [7	  –	  K.	  Krane,	  p.	  
206].	   The	   probability	   for	   gas	   atoms	   excited	   via	   collisions	   to	   de-­‐excite	   via	   photon	  
emissions	  thus	  becomes	  significantly	  higher.	  De-­‐excitation	  photons	  are	  also	  feasible	  
in	   proportional	   counters,	   but	   their	   probability	   is	   so	   small	   that	   they	   become	  
neglected.	   It	   is	   through	   these	   photons	   that	   further	   Townsend	   avalanches	   are	  
triggered;	  these	  Townsend	  avalanches	  tend	  to	  propagate	  across	  the	  entire	  length	  of	  
the	  anode	  wire.	   The	   collection	  of	   Townsend	  avalanches	  within	  a	  Geiger	   counter	   is	  
more	   often	   referred	   to	   as	   the	   Geiger	   discharge.	   A	   sketch	   of	   a	   simplified	   Geiger	  
discharge	  is	  shown	  in	  Figure	  2.10.	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Figure	  2.10	  [from	  6	  –	  G.	  Knoll,	  p.	  202]:	  A	  simplified	  Geiger	  discharge	  occurring	  within	  a	  Geiger-­‐Müller	  
detector.	  
	  
Such	  discharges,	  however,	  tend	  to	  be	  self-­‐controlling.	  That	  is,	  due	  to	  the	  significant	  
presence	  of	  slow-­‐moving	  positive	   ions	   formed,	   the	  electric	   field	   is	   reduced	  to	  such	  
an	   extent	   that	   no	   further	   avalanches	   can	   occur.	   As	   the	   positive	   ions	   slowly	   drift	  
towards	  the	  cathode	  and	  become	  neutralized	  by	  picking	  up	  electrons,	  the	  strength	  
of	   the	   electric	   field	   is	   then	   restored	   for	   more	   Geiger	   discharges	   to	   occur.	   This	  
phenomenon	  is	  essential	  in	  the	  operation	  of	  Geiger	  counters	  and	  will	  be	  discussed	  in	  
Section	  3.3.	  The	  time	  taken	  for	  the	  detector	  to	  return	  to	  a	  stable	  state	  where	  it	  can	  
once	   again	   detect	   radiation	   is	   known	   as	   the	   dead	   time.	   Because	   of	   the	   intense	  
ionisation	   of	   the	   gas	   across	   a	   Geiger	   detector’s	   anode,	   every	   detection	   event	  
produces	  the	  same	  signal.	  The	  pulse	  size	  is	  independent	  of	  the	  energy	  of	  the	  incident	  
radiation.	   Geiger	   counters	   are	   thus	   only	   used	   to	   detect	   the	   presence	   of	   ionising	  
radiation;	  all	  other	  information	  regarding	  energies	  of	  the	  radiation	  is	  lost.	  
	  
Voltage	   ranges	  beyond	  the	  Geiger	   region	   leave	   the	  gas-­‐filled	  detector	   in	  a	   state	  of	  
continuous	   discharge.	   In	   this	   region,	   the	   electric	   field	   is	   so	   strong	   that,	   even	   if	   no	  
radiation	   is	  present,	  electrons	  are	  constantly	  being	  ripped	  away	  from	  the	  atoms	  of	  
the	  gas	  atoms.	  In	  such	  cases,	  a	  continuous	  current	  flows	  across	  the	  electrodes	  of	  the	  
detectors	  and	   individual	  events	  cannot	  be	   recorded;	   radiation	  detectors	  cannot	  be	  
operated	  at	  these	  voltages.	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3.	   Geiger-­‐Müller	  Detectors	  
3.1	   Structure	  of	  Chapter	  
This	  chapter	  will	  provide	  an	  in-­‐depth	  discussion	  of	  the	  physical	  concepts	  relating	  to	  
the	   operation	   of	   Geiger-­‐Müller	   radiation	   detectors.	   In	   Section	   3.2,	   the	   design	  
considerations	   of	   such	   detectors	   will	   be	   explored.	   Section	   3.3	   will	   introduce	   the	  
operational	   characteristics	   of	   GM	   detectors,	   which	   includes	   their	   characteristic	  
operating	  parameters	   and	   circuit	   design.	  Section	   3.4	  will	   present	   the	   concept	  of	   a	  
Geiger-­‐Müller	  detector’s	   lifetime.	  The	  final	  section	  of	  this	  chapter,	  Section	  3.5,	  will	  
discuss	  ways	  to	  prevent	  corrosion	  in	  halogen	  gas	  environments.	  
	  
3.2	   An	  Introduction	  to	  Geiger-­‐Müller	  Detectors	  
In	   1908,	   Geiger	   and	   Rutherford	   developed	   a	   means	   of	   detecting	   incident	   alpha	  
radiation	   in	   a	   gas-­‐filled	   enclosure,	   from	   [22	   –	   Rutherford	   and	   Geiger].	   This	  
development	   served	  as	   the	  basis	   for	  what	   is	  now	   referred	   to	  as	   the	  Geiger-­‐Müller	  
(GM)	   detector.	   In	  modern	   times,	   GM	   detectors	   are	   still	   principally	   used	   to	   detect	  
three	   forms	   of	   ionising	   radiation:	   heavy	   charged	   radiation,	   beta	   radiation	   and	  
photon	  radiation.	  However,	  because	  of	  its	  inability	  to	  distinguish	  between	  different	  
forms	   of	   incident	   radiation,	   each	   detector’s	   detection	   capability	   depends	   on	   its	  
design.	  
	  
A	   GM	   detector	   must	   possess	   suitable	   physical	   characteristics	   to	   measure	   each	  
different	   form	  of	   radiation;	   this	   is	  due	   to	   their	   varying	   ranges	   in	  matter.	   The	  main	  
interactions	  responsible	  for	  the	  detection	  of	  photons	  with	  a	  GM	  counter	  are	  with	  the	  
walls	   of	   the	   cathode.	   Upon	   interacting,	   electrons	   can	   be	   emitted	   via	   the	   three	  
competing	  processes	  discussed	   in	  Section	   2.3.3	   and	   shown	   in	  Figure	   2.1.	  Any	   free	  
electrons	  that	  reach	  the	  detector’s	  internal	  volume	  can	  then	  ionise	  the	  fill	  gas	  in	  the	  
presence	  of	  an	  electric	  field.	  While	  photons	  are	  capable	  of	  directly	  ionising	  the	  gas,	  
the	  probability	  of	  doing	  so	  is	  very	  small	  for	  energies	  larger	  than	  a	  few	  tens	  of	  keV,	  as	  
shown	   in	   [6	   –	   G.	   Knoll,	   p.	   186-­‐187],	   and	   such	   a	   process	   is	   often	   ignored.	   Unlike	  
photon-­‐interactions,	  beta	  radiation	   interacts	  directly	  with	  the	  fill	  gas	  of	  a	  detector.	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Due	   to	   their	   limited	   ranges,	   however,	   beta	   particles	   are	   unlikely	   to	   penetrate	   the	  
metallic	   cathode	   shell	   to	   form	   ion	   pairs	   within	   the	   Geiger	   tube.	   In	   order	   detect	  
relatively	   short-­‐range	   radiation,	   thin	   entrance	   windows	   are	   incorporated	   into	   the	  
cathode	  design	  to	  be	  used.	  Small	  density	  thicknesses	  of	  mica,	  up	  to	  3.0	  mg/cm2,	  are	  
typically	  used	  for	  such	  windows.	  This	  feature	  will	  allow	  any	  incident	  beta	  radiation,	  
depending	  on	  its	  energy,	  to	  enter	  the	  detector	  relatively	  undeterred;	  they	  will	  then	  
subsequently	   interact	   with	   the	   fill	   gas	   to	   produce	   the	   ion	   pairs	   necessary	   for	  
detection.	   Heavy	   charged	   particles	   require	   very	   similar	   considerations	   to	   beta	  
particles	  when	  designing	  suitable	  Geiger-­‐Müller	  detectors.	  That	  is,	  due	  to	  their	  short	  
range,	  a	  thin	  entrance	  window	  will	  be	  required	  for	  the	  radiation	  to	  interact	  with	  the	  
fill	   gas.	  Alpha	  particles,	  however,	  have	   shorter	   traveling	   ranges	   than	  beta	  particles	  
and	   will	   require	   thinner	   entrance	   windows	   than	   standard	   beta	   detectors;	   their	  
maximum	  density	  thicknesses	  are	  reduced	  to	  2.0	  mg/cm2.	  
	  
The	  majority	  of	  GM	  detectors	  are	  capable	  of	  detecting	  gamma	  radiation,	  due	  to	  the	  
presence	   of	   their	   metallic	   cathodes	   walls.	   The	   density	   thickness	   of	   an	   entrance	  
window	  can	  then	  be	  controlled	  to	  detect	  alpha	  particles,	  beta	  particles	  or	  even	  both.	  
However,	  because	  Geiger	  counters	  can	  only	  count	  radiation	  and	  lose	  all	  information	  
about	  its	  origins,	  they	  are	  mostly	  used	  to	  detect	  a	  single	  form	  of	  radiation	  at	  a	  time.	  
A	   schematic	   diagram	   of	   the	   different	   mechanisms	   used	   to	   detect	   radiation	   in	   a	  
Geiger	  is	  shown	  in	  Figure	  3.1.	  
	  
Figure	   3.1:	   Creation	  of	   charge	   in	   a	  GM	  detector	  due	   to	  different	   forms	  of	   radiation.	   The	   light	   blue	  
circle	  represents	  the	  thin	  mica	  window	  used	  to	  detect	  alpha	  and	  beta	  particles.	  G+	  represents	  the	  gas	  
ions	  formed	  due	  to	  the	  incident	  radiation	  ionising	  the	  fill	  gas.	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3.3	   Operational	  Characteristics	  of	  Geiger-­‐Müller	  Detectors	  
The	  typical	  design	  for	  most	  GM	  detectors	  consists	  of	  a	  pair	  of	  cylindrical	  electrodes,	  
within	   which	   a	   low-­‐pressure	   gas	   volume	   is	   contained.	   The	   metallic	   can	   of	   the	  
detector	  serves	  as	  the	  cathode,	  while	  a	  thin	  solid	  metallic	  rod	  suspended	  within	  the	  
can	   serves	   as	   the	   anode.	   This	   assembly	   is	   then	   connected	   to	   a	   suitable	   circuit	   to	  
monitor	  and	  record	  the	  presence	  of	  radiation.	  A	  schematic	  diagram	  of	  a	  GM	  detector	  
connected	  to	  an	  output	  circuit	  is	  shown	  in	  Figure	  3.2.	  
	  
	  
Figure	  3.2	  [from	  2	  –	  Centronic,	  p.	  15]:	  Schematic	  diagram	  for	  an	  assembled	  GM	  detector	  in	  operation.	  	  
	  
As	  a	  voltage	   is	  applied	  across	  the	  GM	  electrodes,	  an	   intense	  electric	   field	  becomes	  
present.	  The	  importance	  of	  this	  electric	  field	  has	  been	  discussed	  in	  Section	  2.4.1.	  At	  
the	   electric	   field	   levels	   present	   in	   GM	   detectors,	   the	   ion	   pairs	   formed	   accelerate	  
towards	  the	  detector	  electrodes	  and	  result	  in	  the	  formation	  of	  the	  Geiger	  discharge	  
shown	  in	  Figure	  2.9.	  After	  each	  discharge	  occurs	  and	  the	  electrons	  are	  collected	  at	  
the	   anode,	   the	   slow-­‐moving	   positive	   ion	   sheath	  will	   continue	   to	   drift	   towards	   the	  
cathode.	  However,	  after	   the	  positive	   ions	  eventually	  collide	  with	   the	  cathode	  wall,	  
there	  is	  a	  possibility	  for	  some	  secondary	  electrons	  to	  be	  emitted,	  as	  discussed	  in	  [7	  –	  
K.	   Krane,	   p.	   206].	   Such	  a	  phenomenon	  can	   lead	   to	  another	  Geiger	  discharge	   from	  
the	   same	   incident	   radiation	   particle.	   This	   will	   produce	   spurious	   counts	   and	   an	  
inaccurate	  measurement	  of	  the	  radiation	  levels	  present.	  [23	  –	  D.	  Srdoc]	  investigates	  
Page	  36	  	  
the	  causes	  of	  such	  spurious	  counting	  and	  shows	  that	  carrying	  out	  proper	  processing	  
and	  material	  selection	  of	  the	  detector	  samples	  will	  help	  to	  minimise	  their	  effect.	  
	  
3.3.1	   Geiger-­‐Müller	  Fill	  Gas	  
The	   main	   fill	   gas	   used	   in	   GM	   detectors	   is	   chosen	   to	   be	   inert	   to	   prevent	   it	   from	  
corroding	   any	   internal	   components.	   Helium,	   argon	   and	   neon	   are	  most	   commonly	  
used	   for	   this	   application	   because	   they	   require	   relatively	   low	   voltages	   to	   use,	   as	  
discussed	   in	   [24	   –	  H.	   Semat,	   p.	   404].	   These	  gases	  will	   contribute	  between	  90%	   to	  
upwards	   of	   99%	   of	   the	   total	   gas	   mixture.	   Typical	   pressures	   of	   the	   total	   fill	   gas	  
mixture	   within	   a	   GM	   detector	   are	   kept	   to	   within	   a	   fraction	   of	   an	   atmosphere	   to	  
reduce	  the	  voltage	  required	  to	  cause	  a	  Geiger	  discharge.	  From	  [6	  –	  G.	  Knoll,	  p.	  204],	  
it	  is	  found	  that	  the	  ratio	  of	  the	  electric	  field	  strength,	  E,	  to	  the	  gas	  pressure,	  p,	  also	  
reflects	  the	  number	  of	  excited	  molecules	  present.	  In	  order	  for	  a	  full	  Geiger	  discharge	  
to	   occur,	   a	   minimum	   E/p	   ratio	   is	   thus	   required;	   for	   lower	   gas	   pressures,	   lower	  
electric	   field	   strengths	   are	   required	   to	   meet	   these	   conditions.	   Because	   (from	  
Equation	   2.9)	   the	   applied	   voltage	   governs	   the	   electric	   field	   strength,	   low	   fill	   gas	  
pressures	  allow	  for	  the	  production	  of	  low-­‐voltage	  GM	  detectors.	  
	  
The	  remaining	  percentage	  of	  fill	  gas	  consists	  purely	  of	  another	  component	  called	  the	  
quench	  gas.	  A	  quench	  gas	  is	  an	  additional	  gas	  introduced	  in	  the	  detector	  to	  prevent	  
any	   spurious	   counting.	   In	   order	   for	   this	   quench	   gas	   to	   operate	   as	   required,	   a	   few	  
vital	  properties	  must	  first	  be	  considered.	  This	  quench	  gas	  is	  selected	  to	  have	  a	  lower	  
ionisation	   energy	   than	   the	  main	   fill	   gas.	   As	   the	   slow-­‐moving	   positive	   ions	   formed	  
from	   the	   discharge	   gas	   drift	   towards	   the	   cathode,	   they	   will	   then	   collide	   with	   the	  
quench	  gas	  molecules	  present.	  The	  impinging	  positive	   ion	  will	  then	  transfer	  energy	  
and	  subsequently	  strip	  an	  electron	  from	  the	  quench	  gas;	  the	  reverse	  does	  not	  occur	  
due	  to	  the	  lower	  ionisation	  energy	  of	  the	  quench	  gas.	  This	  will	  result	  in	  a	  collection	  
of	   positive	   quench	   gas	   ions	   drifting	   towards	   the	   cathode.	   However,	   unlike	   the	  
discharge	  gas	  ions,	  the	  quench	  gas	  ions	  will	  not	  possess	  enough	  energy	  to	  create	  any	  
secondary	  electrons	  upon	  colliding	  with	  the	  cathode	  can;	  they	  are	  simply	  neutralised	  
via	  a	  dissociative	  process.	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Halogen	   gases	   are	   often	   chosen	   to	   act	   as	   a	   Geiger	   quench	   gas;	   one	   of	   the	   most	  
common	   halogens	   used	   is	   bromine.	   As	   mentioned	   in	   [25	   –	   M.	   Ryan,	   p.	   107],	  
fragments	  of	  a	  halogen	  gas	  molecule	  after	  each	  quenching	  event	  tend	  to	  recombine	  
when	   separated.	   Thus,	   because	   their	   dissociation	   does	   not	   affect	   the	   molecules	  
destructively,	   using	   halogen	   gases	   as	   a	   quenching	   mechanism	   will	   extend	   the	  
operating	  life	  of	  a	  detector.	  Other	  factors	  can	  still	  affect	  the	  depletion	  of	  the	  halogen	  
and	  will	  be	  discussed	  along	  with	  the	   lifetime	  of	  a	  GM	  detector	   in	  Section	  3.4.	  Only	  
minimal	   quantities	   of	   quench	   gas	   molecules	   are	   required	   to	   produce	   the	   desired	  
effect.	  Even	  ratios	  of	  0.1%	  halogen	  in	  the	  gas	  volume	  are	  found	  to	  be	  sufficient,	  as	  
discussed	  in	  [26	  –	  M.	  Noz,	  p.	  31].	  Such	  quantities	  can	  prevent	  any	  spurious	  counting	  
without	  the	  risk	  of	  weakening	  the	  radiation	  signals	   to	  be	  recorded.	  This	   is	  because	  
halogens	  possess	  relatively	  high	  electron	  attachment	  coefficients.	  If	  large	  quantities	  
of	   quench	   gas	   are	   used,	   electron	   absorption	   can	   compromise	   the	   operational	  
parameters	  of	   the	  detector.	   Some	  detector	  designs	  use	  up	   to	  2%	  –	  3%	  of	  halogen	  
quench	  gas.	  
	  
Although	   a	   halogen	   gas	   is	   often	   considered	   the	   most	   favourable	   quenching	  
mechanism	  for	  GM	  detectors,	  two	  other	  quenching	  methods	  also	  exist	  in	  the	  form	  of	  
an	   organic	   quench	   gas	   or	   an	   external	   quenching	   circuit.	   The	   main	   benefit	   of	   a	  
halogen	  quencher	  used	  over	  an	  external	  quenching	  circuit	  is	  due	  to	  its	  relatively	  low	  
cost	  and	  portability.	  Organic	  quench	  gas	  molecules	  operate	  similarly	  to	  halogens	  but	  
are	   dissociated	   permanently	   after	   each	   event.	   It	   is	   for	   this	   reason	   that	   organically	  
quenched	  GM	  counters	  are	  significantly	  less	  popular	  since	  the	  development	  of	  their	  
halogen-­‐based	   counterparts.	   These	   different	  mechanisms	   are	   discussed	   in	   [6	   –	   G.	  
Knoll,	  p.	  204-­‐206]	  and	  will	  not	  be	  explored	  further	  in	  this	  thesis.	  	  
	  
3.3.2	   Geiger-­‐Müller	  Operating	  Circuit	  
The	   significant	   amplification	   of	   detection	   events	   allows	   for	   GM	   detector	   output	  
signals	  to	  be	  relatively	  large	  when	  compared	  to	  other	  gas-­‐filled	  detector	  types.	  It	   is	  
because	   of	   this	   that	   GM	   detector	   circuits	   do	   not	   usually	   require	   any	   amplifier	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devices.	  A	  GM	  counter	  includes	  a	  relatively	  simple	  circuit	  design	  that	  consists	  of	  very	  
few	  components;	  a	  simplified	  circuit	  sketch	  is	  shown	  below	  in	  Figure	  3.3.	  
	  
	  
Figure	  3.3:	  Schematic	  diagram	  of	  a	  single	  Geiger-­‐Müller	  counter	  circuit.	  The	  cross-­‐section	  of	  the	  GM	  
detector	  is	  shown.	  
	  
In	  order	  for	  a	  GM	  detector	  to	  operate	  as	  required,	  the	  implementation	  of	  an	  anode	  
resistor,	  Ranode,	  is	  required.	  The	  function	  of	  such	  resistors	  is	  to	  act	  as	  a	  cut-­‐off	  switch	  
after	  every	  Geiger	  discharge.	  That	  is,	  the	  value	  of	  Ranode	  is	  selected	  to	  be	  sufficiently	  
high	  so	  that,	  in	  the	  presence	  of	  the	  Geiger	  discharge	  current,	  the	  voltage	  drops	  to	  a	  
value	   where	   the	   detector	   no	   longer	   counts.	   This	   value	   is	   known	   as	   the	   starting	  
voltage	  and	  will	  be	  discussed	  in	  Section	  3.3.3.	  
	  
Two	   sources	  of	   capacitance	  arise	  due	   to	   the	   inclusion	  of	   this	   resistor	  and	  must	  be	  
controlled.	   The	   presence	   of	   capacitance	   can	   lead	   to	   additional	   current	   flowing	  
through	   the	  detector,	  which	  can	   reduce	   the	  detector	   lifetime.	  This	   concept	  will	  be	  
discussed	  further	   in	  Section	  3.4.	   It	  can	  also	  be	  noted	  that	  the	  GM	  tube	  will	  have	  a	  
fixed	  self-­‐capitance,	  C1,	  of	  approximately	  1	  pF;	  its	  value	  cannot	  be	  reduced	  and	  will	  
not	  be	  discussed	  further.	  The	  first	  capacitance	  source	  of	  interest	  is	  the	  stray	  anode	  
capacitance,	  C2.	  This	  consists	  of	  the	  capacitance	  of	  the	  resistor	  and	  the	  capacitance	  
present	   between	   the	   connections	   of	   the	   anode	   to	   the	   power	   supply;	   as	   its	   value	  
Anode	  
Pin 
Cathode	  
Can 
Anode	  Resistor	  
Cathode	  Resistor	  
Ground	  
+	  Voltage	  Supply	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increases,	   the	   performance	   of	   the	   detector	   can	   be	   negatively	   affected.	   By	   using	   a	  
suitable	  wiring	   layout	  and	  resistors	  with	   low	  self-­‐capacitance	  values,	   its	   impact	  can	  
be	   minimized.	   The	   second	   source	   of	   capacitance,	   C3,	   that	   must	   be	   considered	   is	  
between	  the	  anode	  and	  the	  ground	  connection.	  It	   is	  for	  this	  reason	  that	  the	  anode	  
resistor	   is	   always	   introduced	   into	   the	  circuit	   as	   close	   to	   the	  anode	  pin	  as	  possible.	  
While	   this	   capacitance	   can	   be	   reduced,	   it	   cannot	   be	   completely	   eliminated.	   If	   this	  
capacitance	  is	  found	  to	  be	  large	  it	  can	  also	  detrimentally	  affect	  the	  performance	  of	  
the	   detector.	   This	   will	   cause	   extended	   dead	   time	   due	   to	   the	   recharging	   of	   the	  
capacitance,	  which	  will	  also	  compromise	  the	  shape	  of	  a	  GM	  detector’s	  plateau.	  The	  
Geiger	   plateau	   and	   detector	   dead	   times	   have	   not	   yet	   been	   discussed	   and	  will	   be	  
explored	   in	   Section	   3.3.3.	   It	   is	   useful,	   however,	   to	   observe	   the	   impact	   large	  
capacitances	  can	  have	  on	  the	  detector	  performance,	  as	  shown	  in	  Figure	  3.4.	  
	  
	  
Figure	   3.4	   [from	   2	   –	   Centronic,	   p.	   30-­‐33]:	   Plots	   showing	   the	   impact	   of	   large	   anode-­‐to	   ground	  
capacitance,	  C3,	  values	  on	  the	  Geiger	  plateau	  of	  a	  detector.	  
	  
The	  output	  signal	  for	  a	  GM	  detector	  is	  most	  commonly	  measured	  from	  the	  cathode.	  
This	   is	   because,	   after	   each	   Geiger	   discharge,	   the	   current	   flowing	   through	   the	  
detector	  produces	  a	  positive	  voltage	  across	  the	  cathode	  resistor,	  Rcathode;	  it	  is	  for	  this	  
reason	   that	   this	   resistor	   can	   be	   referred	   to	   as	   the	   measuring	   resistor.	   It	   is	   also	  
possible	  to	  measure	  the	  output	  signal	  through	  the	  anode	  connection;	  however,	  this	  
introduces	  additional	  factors,	  such	  as	  high	  voltages	  between	  the	  resistors	  and	  noise	  
from	  the	  power	  supply,	  that	  must	  be	  considered.	  This	  is	  discussed	  in	  [2	  –	  Centronic,	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p.	   30-­‐33].	   It	   is	   for	   this	   reason	   that	   the	   cathode	   signal	   is	   preferred.	   The	   value	   of	  
Rcathode	  is	  selected	  to	  be	  a	  fraction	  of	  the	  Ranode	  resistance	  and	  it	  is	  the	  ratio	  of	  these	  
two	   values	   that	   controls	   the	   size	   of	   the	   final	   signal	   pulse.	   An	   expression	   for	   this	  
relationship	  is	  shown	  in	  Equation	  3.1,	  where	  Vpulse	  represents	  the	  size	  of	  the	  output	  
signal	   in	   V,	   and	   Vdiff	   is	   a	   factor	   that	   depends	   on	   the	   applied	   voltage	   and	   the	  
detector’s	  starting	  voltage.	  
	  𝐕𝐩𝐮𝐥𝐬𝐞 = 𝐕𝐝𝐢𝐟𝐟𝐑𝐚𝐧𝐨𝐝𝐞 𝐑𝐜𝐚𝐭𝐡𝐨𝐝𝐞	   	   	   	   	   	   	   Equation	  3.1	  
	  
The	   inclusion	  of	   the	   cathode	   resistor	   also	   introduces	   some	   additional	   capacitance.	  
However,	  provided	  the	  capacitance	  value	  is	  lower	  than	  100	  pF,	  it	  is	  found	  to	  have	  no	  
significant	   impact	  on	   the	  operation	  of	  GM	  detectors.	   In	   some	  cases,	   it	   is	   useful	   to	  
add	   an	   additional	   capacitor,	   C4,	   into	   the	   circuit	   for	   pulse	   shape	   compensation	  
purposes.	   This	   is	   discussed	   in	   [2	   –	   Centronic,	   p.	   30-­‐33]	   and	   will	   not	   be	   explored	  
further	   in	   this	   thesis.	  The	  capacitances	  present	   in	  a	   typical	  Geiger	  circuit	   that	  have	  
been	  discussed	  in	  this	  section	  are	  shown	  in	  Figure	  3.5.	  
	  
	  
Figure	  3.5	  [from	  2	  –	  Centronic,	  p.	  30-­‐33]:	  Geiger-­‐Müller	  circuit	  showing	  the	  sources	  of	  capacitance.	  C1	  
represents	   the	   tube	  self-­‐capacitance,	  C2	   represents	   the	  stray	  anode	  capacitance,	  C3	   represents	   the	  
anode-­‐to-­‐ground	  capacitance	  and	  C4	  represents	  an	  optional	  additional	  capacitor.	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3.3.3	   Geiger-­‐Müller	  Operational	  Parameters	  
The	   maximum	   counting	   performance	   of	   GM	   detectors	   is	   limited	   by	   two	  
characteristic	  properties;	  these	  are	  its	  dead	  time	  and	  its	  recovery	  time.	  While	  these	  
two	  parameters	  are	  related,	  they	  are	  not	  identical.	  The	  dead	  time	  refers	  to	  the	  time	  
period	  after	  a	  Geiger	  discharge	  when	  a	  detector	  is	  no	  longer	  susceptible	  to	  incoming	  
radiation.	   In	   this	   time	  period,	   the	  detector’s	  positive	   ion	   sheath	   is	   neutralized	  and	  
the	  circuit’s	  capacitance	  gets	  recharged.	  Typically	  GM	  detector	  dead	  times	  can	  range	  
from	   10	   µs	   up	   to	   approximately	   200	   µs,	   as	   shown	   in	   [2	   –	   Centronic,	   p.	   6-­‐7].	   In	  
extremely	   high	   dose	   rates,	   the	   probability	   for	   radiation	   to	   ionize	   gas	   molecules	  
within	  the	  short	  dead	  times	  becomes	  significant;	  a	  large	  number	  of	  counts	  will	  thus	  
be	  lost.	  This	   is	  highly	  undesirable,	  as	  the	  final	  measurement	  will	  underestimate	  the	  
amount	  of	  radiation.	  An	  exaggerated	  plot	  of	  such	  a	  phenomenon,	  also	  referred	  to	  as	  
foldback,	  is	  shown	  in	  Figure	  3.6.	  In	  order	  to	  reduce	  the	  impact	  of	  foldback	  on	  a	  GM	  
detector,	   the	   counting	   pulse	   size	   threshold	   is	   set	   at	   approximately	   10%	   of	   the	  
standard	   pulse	   height.	   This	  will	   allow	   for	   smaller	   pulses	   formed	  when	   the	   electric	  
field	  is	  recovering	  to	  still	  be	  detected.	  
	  
	  
Figure	  3.6	  [from	  2	  –	  Centronic,	  p.	  20-­‐22]:	  An	  exaggerated	  plot	  of	  the	  foldback	  effect	  in	  extremely	  high	  
radiation	  dose	  rates.	  
	  
The	  smaller	  pulses	  that	  can	  be	  detected	  after	  the	  dead	  time	  has	  elapsed	  show	  that	  
the	   detector	   has	   still	   not	   fully	   recovered	   from	   the	   initial	   Geiger	   discharge.	   Under	  
such	  conditions,	  the	  device	  can	  only	  support	  limited	  discharges.	  As	  time	  elapses,	  the	  
electric	  field	  strength	  gradually	  returns	  to	   its	  original	  status;	  at	  each	  stage,	  a	   larger	  
output	  pulse	  becomes	  possible.	  The	  total	  time	  taken	  for	  the	  detector	  to	  return	  to	  its	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original	   condition	   after	   a	   Geiger	   discharge	   is	   referred	   to	   as	   the	   recovery	   time.	  
Typically,	  these	  times	  are	  approximately	  double	  a	  detector’s	  dead	  time.	  This	  concept	  
can	  be	  better	  expressed	  by	  looking	  at	  pulse	  diagrams,	  as	  shown	  in	  Figure	  3.7.	  
	  
	  
Figure	  3.7	   [from	  2	  –	  Centronic,	  p.	  20-­‐22]:	  A	  plot	  of	   increasing	  pulse	  sizes	  throughout	  the	  detector’s	  
recovery	  process.	  The	  timeframes	  are	  exaggerated	  to	  better	  display	  the	  features.	  
	  
A	  series	  of	  additional	  operational	  parameters	  must	  also	  be	  set	   in	  order	  to	  quantify	  
the	  performance	  of	  any	  gas-­‐filled	  detector.	  For	  a	  GM	  detector,	  one	  main	  parameter	  
encapsulates	   all	   other	   measured	   characteristics	   and	   is	   referred	   to	   as	   the	   Geiger	  
plateau.	   Such	   plateaus	   are	   acquired	   by	   increasing	   the	   applied	   voltage	   over	   a	  
specified	   range	   and	   recording	   the	   corresponding	   count	   rate	   at	   each	   value	   as	   a	  
radiation	  source	  is	  applied.	  An	  example	  Geiger	  plateau	  is	  shown	  in	  Figure	  3.8.	  
	  
	  
Figure	  3.8	  [from	  27	  –	  J.	  Ives]:	  A	  typical	  Geiger	  plateau	  plot	  showing	  the	  counts	  recorded	  as	  a	  function	  
of	  the	  applied	  voltage.	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While	   Figure	   3.8	   shows	   precise	   voltage	   values,	   these	   are	   not	   typical	   of	   all	   Geiger	  
plateaus.	  Each	  different	   type	  of	  GM	  detector	  will	  possess	  different	   limits	   for	  every	  
operational	  parameter.	  The	  main	  operational	  parameters	  that	  measure	  a	  detector’s	  
performance	  are:	  the	  starting	  voltage,	  the	  plateau	  slope	  and	  the	  detector	  operating	  
count	   rate.	   The	   starting	   voltage,	   or	   Vs,	   represents	   the	   applied	   voltage	   at	   which	   a	  
detector	  begins	  counting.	  The	  threshold	  set	  for	  recording	  the	  Vs	  can	  be	  relative,	  but	  
it	   is	   typically	   defined	   as	   an	   applied	   voltage	   that	   produces	   a	   1	   V	   pulse	   across	   the	  
anode	  resistor.	  The	  presence	  of	  the	  cathode	  resistor	  reduces	  this	  pulse	  threshold	  to	  
the	   order	   of	   millivolts.	   To	   help	   distinguish	   between	   circuit	   noise	   and	   the	   output	  
signal,	  a	  Vs	  pulse	  threshold	  of	  100	  mV	  is	  often	  deemed	  suitable.	  This	  measurement	  is	  
an	  important	  tool	  in	  studying	  the	  lifetime	  of	  any	  detector	  in	  operation.	  Because	  the	  
Vs	  is	  linked	  to	  the	  fill	  gas	  mixture	  in	  a	  GM	  detector,	  any	  fluctuations	  in	  its	  value	  over	  
time	   also	   suggests	   a	   change	   in	   the	   gas	   ratios.	   [28	   –	   S.	   Liebson	   and	   H.	   Freidman]	  
imply	  that	  a	  drop	  in	  the	  Vs	  of	  a	  particular	  detector	  corresponds	  to	  a	  reduction	  in	  the	  
amount	  of	  halogen	  quench	  gas	  remaining.	  
	  
Ideally,	  a	  Geiger	  plateau	  would	  be	  perfectly	  flat.	  This,	  however,	  is	  not	  the	  case	  and	  it	  
tends	   to	  possess	  a	  quantifiable	   slope.	  The	   slope	  arises	  due	   to	   the	  presence	  of	   low	  
amplitude	  pulses	   that	  are	  detected	  by	   the	  detector.	  Any	   factor	   that	  contributes	   to	  
such	   small	   pulses	   is,	   thus,	   capable	   of	   affecting	   the	   slope	   reading;	   two	   common	  
examples	  are	  the	  formation	  of	  the	  pulses	  during	  a	  detector’s	  recovery	  time,	  or	  a	  rare	  
failure	  of	  the	  quenching	  mechanism,	  as	  discussed	  in	  [29	  –	  S.	  Kapoor,	  p.	  67-­‐68].	  The	  
probability	   for	   such	  events	   tends	   to	  be	  small,	  however,	   they	  become	  slightly	  more	  
likely	   to	  occur	  at	  higher	   voltages.	   This	   is	   the	  origin	  of	   the	   inclination	   in	   the	  Geiger	  
plateau;	  it	  is	  typically	  no	  more	  than	  a	  few	  percent	  change	  in	  the	  count	  rate	  per	  100	  
volts.	   Measuring	   the	   slope	   of	   a	   detector’s	   plateau	   with	   age	   can	   help	   to	   provide	  
information	  about	   the	   condition	  of	   the	  detector.	  Any	   significant	   changes	  observed	  
can	   signify	   a	  drastic	   change	   in	   the	   gas	   ratio.	   This,	   in	   turn,	   suggests	   the	  detector	   is	  
reaching	  the	  end	  of	  its	  operational	  life	  and	  will	  be	  discussed	  in	  Section	  3.4.	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The	   final	   operational	   parameter	   that	   can	   be	   taken	   from	   a	   Geiger	   plateau	   is	   a	  
detector’s	   operating	   count	   rate	   reading.	   This	   value	   represents	   the	   GM	   detector’s	  
response	  at	  its	  operating	  voltage;	  such	  voltages	  are	  typically	  selected	  as	  close	  to	  the	  
plateau	   threshold	   (shown	   in	  Figure	   3.8)	   as	   possible	   for	   reasons	   to	   be	  discussed	   in	  
Section	  3.4.	  Monitoring	  a	  device’s	  operating	  count	  rate	  with	  age	  can	  help	  determine	  
any	   significant	   changes	   in	   the	   internal	   gas	   mixture.	   The	   operating	   count	   rate	   is	  
already	  slightly	  susceptible	  to	  fluctuations	  of	  up	  to	  10%	  from	  statistical	  uncertainty	  
and	   the	   voltage	   changes;	   however,	   significantly	   larger	   variations	   will	   represent	   a	  
failure	  of	  the	  detector	   in	  question.	  Geiger	  plateau	  plots	  are	  usually	  recorded	  in	  the	  
presence	  of	  a	  radiation	  source	  such	  that	  the	  operating	  count	  rate	  is	  only	  of	  the	  order	  
of	  a	  few	  hundred	  counts.	  Recording	  at	  such	  count	  levels	  makes	  it	  easier	  to	  identify	  
large	   changes	   and	   will	   also	   reduce	   the	   impact	   of	   lower	   amplitude	   pulses	   on	   the	  
plateau	  shape,	  as	  discussed	  in	  [6	  –	  G.	  Knoll,	  p.	  209].	  In	  operation,	  GM	  detectors	  are	  
able	   to	   successfully	   measure	   count	   rates	   of	   the	   order	   of	   104	   counts;	   the	   precise	  
upper	  limit	  of	  a	  device	  will	  depend	  on	  its	  design	  characteristics.	  Because	  the	  detector	  
operating	  count	  rate	  value	  is	  susceptible	  to	  the	  dose	  rate	  of	  radiation,	  GM	  detectors	  
are	  often	  qualified	  over	  a	  wide	  range	  of	  dose	  rates	  for	  a	  given	  radiation	  source.	  The	  
corresponding	  count	  rates	  can	  then	  be	  used	  to	  produce	  a	  plot	  of	  detector	  operating	  
count	  rate	  as	  a	  function	  of	  dose	  rate.	  Such	  plots	  are	  important	  when	  operating	  any	  
GM	  detectors	  to	  ensure	  that	  the	  devices	  are	  operating	  as	  per	  their	  design.	  
	  
After	  discussing	  the	  individual	  parameters,	  it	  is	  useful	  to	  briefly	  discuss	  the	  physical	  
concepts	  governing	  the	  Geiger	  plateau	  shape.	  The	  voltage	  range	  before	  the	  plateau	  
is	  reached	  produces	  an	  electric	  field	  in	  the	  detector	  that	  is	  still	  too	  weak	  to	  regularly	  
create	   Geiger	   discharges.	   When	   a	   detector	   is	   operating	   within	   the	   flat	   plateau	  
region,	  Geiger	  discharges	  occur	  regularly	  to	  create	  the	  identical	  individual	  pulses	  to	  
be	   recorded.	   Plateau	   lengths	   vary	   from	   one	   detector	   to	   another	   due	   to	   the	   gas	  
mixtures	  used	  and	   can	   range	   from	  as	   low	  as	  50	   volts	  up	   to	   several	  hundred	  volts.	  
From	   [2	   –	   Centronic,	   p.	   30-­‐33],	   it	   is	   also	   found	   that	   using	   lower	   than	   the	  
recommended	   values	   of	   Ranode	   in	   the	   circuit	   tends	   to	   decrease	   the	   overall	   plateau	  
length.	   The	   count	   rate	   stability	   present	   in	   this	   voltage	   range	   is	   very	   important	   for	  
accurate	  radiation	  monitoring;	  any	  fluctuations	  in	  the	  applied	  voltage	  will	  only	  cause	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negligible	  changes	  in	  the	  count	  rate.	  While	  the	  count	  rate	  is	  unaffected,	  the	  size	  of	  
the	  detected	  pulses	  will	   increase	  and	  such	  changes	  can	  contribute	  to	  a	  more	  rapid	  
depletion	  of	  the	  halogen	  gas	  present.	  This	  will	  be	  explored	  in	  Section	  3.4.	  Applying	  
higher	   voltages	   than	   those	   encompassed	   by	   the	   counting	   plateau	   will	   cause	   the	  
Geiger	  detector	  to	  operate	  in	  a	  state	  of	  continuous	  discharge.	  
	  
Another	   significant	   parameter	   that	   is	   investigated	   for	   all	   GM	   detectors	   is	   their	  
ambient	   counting	   capabilities.	   Although	   all	   detectors	   count	   in	   the	   presence	   of	   a	  
radioactive	   source,	   they	   also	   count	   in	   its	   absence.	   A	   partial	   contributor	   to	   this	  
source-­‐less	  count	  rate	  is	  the	  presence	  of	  cosmic	  radiation	  entering	  the	  atmosphere.	  
As	  they	  enter	  the	  atmosphere,	  such	  forms	  of	  radiation	  may	  then	  interact	  within	  the	  
detector	  to	  ionise	  the	  fill	  gas.	  Another	  potential	  source	  of	  ambient	  radiation	  occurs	  
in	  the	  form	  of	  radioactive	  elements	  present	  in	  the	  crust	  of	  the	  Earth.	  These	  elements	  
will	   emit	   gamma	   rays,	   such	  as	  potassium-­‐40	  with	   its	  1461	  keV	  gamma	   rays,	  which	  
can	  then	  be	  detected	  by	  a	  GM	  detector.	  Typical	  upper	  limits	  of	  a	  detector’s	  ambient	  
count	  rate	  are	  accepted	  to	  be	  approximately	  15-­‐20	  counts-­‐per-­‐minute	  (cpm).	  These	  
values,	   however,	   can	   be	   susceptible	   to	   change	   depending	   on	   the	   environmental	  
conditions	   and	   the	   detector	   design	   characteristics.	   If	   this	   limit	   is	   exceeded,	   the	  
detector	  is	  either	  more	  sensitive	  than	  its	  usual	  design,	  or	  it	  has	  some	  contamination	  
present	  that	  is	  producing	  spurious	  counts.	  	  
	  
3.3.4	   Additional	  Design	  Considerations	  
One	   essential	   factor	   that	   must	   always	   be	   considered	   when	   utilising	   any	   gas-­‐filled	  
radiation	   detector	   is	   the	   environment	   in	  which	   the	   detector	   is	   operated.	   This	  will	  
include	  factors	  such	  as	  temperature,	  where	  the	  thermal	  contraction	  or	  expansion	  of	  
the	   components	   could	   impact	   on	   the	   performance	   of	   the	   detector.	   Significant	  
changes	   in	   temperature	   can	   also	   alter	   the	   pressure	   of	   the	   fill	   gas	   and	   the	  
performance	  of	  the	  detector	  in	  question.	  
	  
Another	  major	  cause	  of	  concern	   is	   the	  presence	  of	  humidity	   in	  the	  environment	   in	  
which	   the	   detector	   is	   developed	   and	   operated.	   Due	   to	   the	   relatively	   good	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conductivity	   of	   water,	   any	   moisture	   found	   to	   be	   present	   within	   the	   detector	   or	  
across	  any	  associated	  electronics	   can	   form	  electric	   tracking	  paths	  and	   thus	   lead	   to	  
spurious	   counting.	   It	   is	   possible,	   however,	   to	   eliminate	   the	   presence	   of	   such	  
moisture	  by	  carrying	  out	  additional	  heating	  and	  outgassing	  procedures	  on	  the	  final	  
detector	  assembly.	  
	  
Gas-­‐filled	  detectors	  are	  designed	  to	  function	  for	  extended	  periods	  of	  time.	   In	  most	  
cases,	   the	   main	   cause	   for	   failure	   is	   the	   presence	   of	   contaminants.	   Certain	  
contaminants	   can	   dramatically	   reduce	   the	   lifetime	   of	   the	   detector	   by	   interacting	  
with	   their	   internal	   components.	   An	   example	   of	   this	   is	   the	   unintentional	   back	  
streaming	   of	   pump	   oil	   into	   the	   detectors	   during	   the	   filling	   process.	   These	  
hydrocarbon	   pump	   oils	   react	   quite	   readily	   with	   bromine,	   as	   discussed	   in	   [30	   –	   L.	  
Shoute].	   Bromine	   is	   a	   common	   quench	   gas	   used	   in	  Geiger-­‐Müller	   detector	   that	   is	  
essential	   for	   their	   successful	   operation.	   As	   such,	   it	   is	   important	   to	   make	   sure	   no	  
pump	  oils	   find	   their	  way	   into	   the	  detectors.	   It	   is	   also	  possible	   for	   contaminants	   to	  
affect	  the	  general	  performance	  of	  the	  detector.	  As	  a	  result	  of	  oxygen’s	  high	  electron	  
attachment	  capabilities,	  any	  unwanted	  O2	  molecules	  mixed	  in	  the	  gas	  will	  negatively	  
impact	   the	   final	   performance	   of	   the	   detector.	   The	   O2	   molecules’	   high	  
electronegativity	   will	   cause	   them	   to	   easily	   attract	   electrons,	   thus	   interrupting	   the	  
charge	  avalanche	  formation	  within	  the	  detector;	  this	  will	  affect	  the	  measured	  signal.	  
The	  concept	  of	  electronegativity	  is	  explored	  in	  greater	  detail	  in	  [31	  –	  J.	  Clark].	  It	  can	  
thus	  be	  said	  that	  the	  presence	  of	  any	  contaminants	  within	  a	  detector	  is	  undesirable;	  
extra	  precautions	  must	  be	  used	  to	  ensure	  their	  absence.	  It	   is	  because	  of	  this	  effect	  
that	   some	   studies,	   such	   as	   [32	   –	   D.	   Srdoc],	   have	   attempted	   to	   use	   oxygen	   as	   the	  
primary	  quench	  gas	  within	  a	  Geiger-­‐Müller	  detector.	  
	  
3.4	   Lifetime	  of	  a	  Geiger	  Detector	  
Lifetimes	  are	   commonly	  expressed	   in	  units	  of	   time.	  However,	   in	   terms	  of	  a	  Geiger	  
this	  is	  not	  often	  the	  case.	  Geiger	  counter	  lifetimes	  are	  directly	  related	  to	  the	  amount	  
of	  quench	  gas	  present.	  As	  mentioned	  in	  [33	  –	  D.	  Morin],	  the	  rate	  at	  which	  halogen	  
quenchers	  are	  used	  up	   is	   thought	   to	  be	   linked	   to	   the	  number	  of	  energetic	   species	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formed	  after	  a	  Geiger	  discharge.	  Because	  each	  Geiger	  discharge	  represents	  a	  count,	  
Geiger	  detector	   lifetimes	  are	  thus	  expressed	  in	  terms	  of	  accumulated	  counts.	  From	  
[2	  –	  Centronic,	  p.	  58],	  it	  is	  found	  that	  halogen-­‐quenched	  detectors	  typically	  possess	  
lifetimes	  of	  at	  least	  5	  x	  1010	  counts	  at	  room	  temperature.	  At	  temperatures	  above	  100	  
oC,	  this	  lifetime	  count	  limit	  is	  set	  to	  a	  minimum	  value	  of	  at	  least	  1	  x	  1010	  counts.	  If	  an	  
organic	  quench	  gas	  was	  to	  be	  used,	  its	  irreversible	  dissociation	  after	  each	  event	  will	  
cause	  significantly	  shorter	  lifetimes.	  	  
	  
Due	   to	   halogen	   molecules	   ability	   to	   recombine	   after	   fragmenting,	   they	   are	  
theoretically	   able	   to	   produce	   Geiger	   counters	   with	   an	   infinite	   operating	   lifetime.	  
However,	  this	  is	  not	  found	  to	  be	  the	  case.	  Other	  factors	  can	  limit	  the	  effective	  use	  of	  
halogens	   due	   to	   their	   high	   activity	   with	   most	   materials,	   as	   discussed	   in	   [34	   –	  
Britannica].	   Because	   they	   are	   also	   introduced	   in	   such	   relatively	   small	   quantities,	  
severe	   performance	   degradation	   can	   be	   observed	   even	   after	   minimal	   chemical	  
reactions	   occur	   between	   the	   halogen	   and	   any	   surrounding	  materials.	   If	   unsuitable	  
materials	  likely	  to	  interact	  with	  halogens	  are	  selected	  for	  any	  detector	  components,	  
the	  gas	  quantity	  will	  deplete	  very	  rapidly.	  This	  will	  produce	  an	  unacceptable	  lifetime	  
for	   the	  detector	   in	  question.	  The	  process	  of	  selecting	  appropriate	  materials	  will	  be	  
explored	  in	  Section	  3.5.1.	  
	  
In	  order	   to	  better	  understand	   the	  concept	  of	  GM	  detector	   lifetimes,	   it	   is	  useful	   to	  
briefly	   consider	   the	   physical	   concepts	   that	   govern	   it.	   As	   the	   quench	   gas	   quantity	  
reduces,	   the	   detector	   will	   suffer	   changes	   in	   its	   operational	   parameters.	   Lower	  
quantities	  of	  halogen	  molecules	  will	   lead	   to	  a	  drop	   in	   the	   required	  strength	  of	   the	  
electric	   field.	   This	   is	   a	   consequence	  of	   the	  high	  electronegativity	   coefficients	  of	   all	  
halogen	  elements.	   That	   is,	   it	   becomes	   less	   likely	   for	   the	  electrons	  of	   any	   ion	  pairs	  
formed	   to	   be	   collected	   by	   a	   nearby	   halogen	  molecule.	   The	   likelihood	   for	   a	  Geiger	  
discharge	  to	  occur	  under	  similar	  conditions	  will	  thus	  increase;	  it	  also	  becomes	  more	  
possible	   for	   a	   Geiger	   discharge	   to	   occur	   under	   the	   influence	   of	   a	   weaker	   electric	  
field.	   This	   concept	   is	   reflected	   in	   a	   lower	   starting	   voltage	   recorded	   for	   any	   GM	  
detector	  with	  less	  quench	  gas,	  as	  explored	  in	  [28	  –	  S.	  Liebson	  and	  H.	  Freidman].	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The	   reduction	   of	   quench	   gas	   also	   affects	   other	   operational	   parameters	   of	   the	  
detector;	  this	  is	  most	  apparent	  in	  a	  change	  in	  the	  length	  of	  the	  Geiger	  plateau.	  Due	  
to	  the	  drop	  in	  a	  detector’s	  starting	  voltage,	  the	  entire	  Geiger	  plateau	  will	  also	  shift	  
with	  it.	  However,	  there	  is	  also	  a	  greater	  probability	  for	  the	  quenching	  mechanism	  to	  
fail	   after	   every	   Geiger	   discharge;	   this	   also	   increases	   the	   possibility	   for	   spurious	  
counting	  to	  occur.	  At	  higher	  applied	  voltages,	  the	  weaker	  quenching	  capabilities	  of	  
the	   detector	   are	   less	   likely	   to	   prevent	   a	   Geiger	   discharge	   from	   causing	   secondary	  
discharges.	  The	  detector	  in	  question	  can	  thus	  enter	  a	  region	  of	  continuous	  discharge	  
at	  a	  lower	  voltage	  value;	  in	  less	  extreme	  cases	  this	  change	  is	  seen	  as	  a	  large	  rise	  in	  
the	   plateau	   slope.	   For	   both	   cases,	   the	   effect	   is	   exhibited	   as	   a	   shortening	   of	   the	  
measured	  flat	  Geiger	  plateau.	  
	  
While	   unsuitable	   construction	   materials	   can	   dramatically	   reduce	   a	   GM	   detector’s	  
life,	   operating	   them	   under	   wrong	   conditions	   can	   have	   a	   similar	   effect.	   At	   higher	  
voltages,	  the	  stronger	  electric	  field	  will	  produce	  more	  ion	  pairs	  per	  Geiger	  discharge.	  
This	   is	   seen	   in	   the	   increase	   in	   the	   size	   of	   the	  measured	   pulse.	   In	   the	   presence	   of	  
more	   intense	  discharges,	   the	  quench	   gas	   becomes	  more	   likely	   to	   deplete.	   It	   is	   for	  
this	   reason	   that	   the	   operating	   voltage	   for	   any	   detector	   is	   set	   as	   low	   as	   possible	  
within	  the	  plateau	  region.	  The	  circuit	  used	  to	  measure	  the	  counts	  of	  a	  GM	  detector	  
can	   also	   have	   an	   impact	   on	   its	   operational	   lifetime;	   the	   two	   contributors	   are	   the	  
anode	   resistor	  and	   the	  presence	  of	  any	  stray	  capacitance	  across	   the	  anode	  circuit.	  
The	  anode	  resistor	  limits	  the	  average	  current	  flow	  and	  is	  always	  selected	  to	  produce	  
a	   lower	   current	   to	   extend	   the	   detector’s	   lifetime;	   using	   lower	   than	   recommended	  
values	  is	  thus	  unfavourable.	  An	  increase	  in	  the	  capacitance	  across	  the	  anode	  circuit	  
will	  require	  more	  current	  from	  the	  GM	  detector	  to	  flow	  out	  of	  it;	  it	  must	  always	  be	  
kept	  to	  a	  minimum.	  As	  discussed	  in	  [2	  –	  Centronic,	  p.	  30-­‐33],	  this	  additional	  current	  
can	   cause	   a	   reduction	   to	   the	   life	   of	   the	   detector.	   It	   can	   thus	   be	   said	   that	   by	  
controlling	  the	  operating	  characteristics	  and	  the	  circuit	  design	  of	  GM	  detectors,	  their	  
lifetimes	  can	  be	  extended.	  
	  
Due	   to	   the	   simple	   functionality	   of	   GM	   detectors,	   their	   operational	   lifetimes	   can	  
simply	  be	  defined	  as	  the	  number	  of	  accumulated	  counts	  until	  the	  detector	  no	  longer	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counts	   as	   expected.	   The	   detector	   operating	   count	   rate	   thus	   becomes	   the	   limiting	  
parameter	   to	   monitor	   with	   increasing	   age.	   However,	   from	   [35	   –	   Centronic],	   the	  
other	   Geiger	   operational	   parameters	   also	   tend	   to	   be	   studied	   because	   they	   can	  
provide	   great	   insight	   into	   any	   gradual	   performance	   degradation	   over	   a	   detector’s	  
lifetime.	  Such	  information	  can	  help	  to	  determine	  when	  a	  particular	  detector	  is	  close	  
to	  the	  end	  of	  its	  lifetime.	  
	  
3.5	   Halogen	  Corrosion	  Resistance	  
The	   importance	   of	   the	   halogen	   quench	   gas	   for	   operating	   GM	   detectors	   has	   been	  
previously	  discussed	   in	  Section	  3.3.1.	   It	   is	   thus	  of	  prime	   importance	  to	  ensure	  that	  
no	   surrounding	  materials	   interact	  with	   the	   small	   amounts	   of	   halogen	   gas	   present.	  	  
To	   achieve	   this	   objective,	   the	   GM	   detectors	   must	   be	   designed	   using	   materials	  
resistant	   to	   reactions	   with	   halogens.	   Such	   requirements	   become	   even	   more	  
important	  at	  elevated	  temperatures;	  at	  higher	  temperatures,	  the	  halogen	  molecules	  
possess	  more	  energy	  and	  are	  more	  likely	  to	  interact.	  
	  
3.5.1	   Material	  Selection	  
The	  most	  common	  materials	  used	  to	  manufacture	  GM	  detectors	  are	  steel	  alloys.	  The	  
reason	   behind	   their	   use	   is	   twofold.	   The	   metal	   cathode	   and	   anode	   serve	   as	   the	  
detector	   electrodes,	   as	   well	   as	   a	   means	   for	   incident	   photon	   radiation	   to	   interact	  
with.	  The	  high	  quantities	  of	  iron	  present	  in	  the	  bulk	  of	  all	  stainless	  steels,	  however,	  
are	   susceptible	   to	   attack	   via	   corrosion.	   It	   is	   for	   this	   reason	   that	   the	   potential	  
reactions	   with	   bromine	   gas	   can	   be	   considered.	   In	   [36	   –	   Y.	   Zhuang],	   the	   chemical	  
reactions	  of	  bromine-­‐containing	  gas	  mixtures	  with	  a	  chromium-­‐free	  steel	  alloy	  were	  
investigated	  at	  temperatures	  up	  to	  150	  oC.	  Evidence	  of	  bromine	  reactions	  with	  the	  
iron	  content	   to	  produce	   iron	   (II)	  bromide	   (FeBr2)	  across	   the	  samples	  was	  observed	  
for	   all	   temperatures	   by	   using	   a	   Scanning	   Electron	   Microscope	   (SEM)	   with	   Energy	  
Dispersive	   X-­‐ray	   (EDX)	   capabilities;	   the	   operating	   principles	   of	   an	   SEM	   will	   be	  
discussed	   in	   Section	   4.3.	   The	   use	   of	   such	   steel	   alloys	   would	   thus	   be	   highly	  
unfavourable	  for	  any	  GM	  detector	  and	  the	  small	  amounts	  of	  quench	  gas.	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On	  the	  other	  hand,	  using	  stainless	  steel	  alloys	  high	  in	  chromium	  content	  for	  both	  the	  
cathodes	  and	  the	  anodes	  are	  favoured.	  The	  presence	  of	  chromium	  in	  steels	  helps	  to	  
drastically	   improve	  the	  material’s	  corrosion-­‐resistance;	  this	   is	  due	  to	  the	  formation	  
of	   a	   chromium	   oxide,	   as	   discussed	   in	   [37	   –	   S.	   Kropschot].	   When	   discussing	   the	  
corrosion-­‐resistance	   capabilities	   of	   a	   metal,	   chromium	   is	   often	   one	   of	   the	   first	  
constituents	   to	   be	   mentioned.	   Chromium	   itself	   is	   not	   renowned	   for	   its	   beneficial	  
properties	   but	   it	   is	   instead	   the	   natural	  metal	   oxide	   it	   forms	  when	   exposed	   to	   the	  
atmosphere,	  as	  discussed	  in	  [38	  –	  PLANSEE].	  This	  thin	  chromium	  oxide	  layer	  tends	  to	  
form	  quite	  rapidly	  and	  has	  an	  inherent	  ability	  to	  self-­‐heal.	  That	  is,	   if	  a	  break	  occurs	  
across	  the	  chromium	  oxide	  present	  on	  a	  steel	  sample,	  the	  oxygen	  present	  in	  air	  will	  
re-­‐oxidise	   the	   steel	   to	   reform	   the	   oxide	   layer;	   this	   is	   discussed	   further	   in	   [39	   -­‐	  
AALCO].	   It	   is	   this	   property	   that	   makes	   the	   introduction	   of	   chromium	   such	   a	  
beneficial	   component	   for	   any	   metal	   alloy.	   The	   greater	   the	   amount	   of	   chromium	  
present,	   the	   better	   the	   corresponding	   metal’s	   corrosion	   resistance	   will	   be.	   Steel	  
alloys	   that	   have	   high	   chromium	   contents	   ranging	   between	   23%	   to	   27%	   are	  
sometimes	  referred	  to	  as	  chrome-­‐iron;	  these	  alloys	  are	  found	  to	  resist	  reacting	  with	  
halogens	  quite	  well,	  as	  shown	  in	  [40	  –	  B.	  Craig,	  p.	  10].	  
	  
3.5.2	   Surface	  Treatment	  and	  Protective	  Processes	  
The	  selection	  of	  the	  detector	  material	  must	  provide	  excellent	  resistance	  to	  halogen-­‐
corrosion;	   chrome-­‐iron	   is	   suitable	   for	   this	   application.	   In	   addition	   to	   the	   material	  
selection,	  another	  measure	  that	  is	  considered	  to	  protect	  the	  detector	  components	  is	  
a	   process	   referred	   to	   as	   oxygen	   plasma	   bombardment.	   In	   such	   a	   process,	   the	  
surfaces	   that	   will	   be	   in	   contact	   with	   the	   halogen	   quench	   gas	   are	   placed	   under	  
vacuum	  and	  exposed	  to	  pure	  oxygen	  gas.	  The	  gas	  is	  then	  subjected	  to	  a	  high-­‐energy	  
discharge	   to	  produce	   the	  plasma.	   The	  purpose	  of	   this	   process	   is	   to	   encourage	   the	  
formation	  of	  a	  protective	  chromium	  oxide	  layer	  through	  the	  bombardment	  process.	  
Pure	   chromium	   is	   considered	   to	   be	   highly	   reactive	   and	  will	   readily	   react	  with	   the	  
oxygen	   present	   in	   the	   atmosphere	   to	   form	   the	   protective	   oxide.	   As	   discussed	   in	  
Section	  3.5.1,	  it	  is	  the	  chromium	  oxide	  formed	  and	  not	  elemental	  chromium	  that	  is	  
attributed	  with	  a	  good	  resistance	  to	  corrosion.	  Initial	  investigations	  have	  shown	  that,	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by	  varying	  the	  length	  of	  time	  over	  which	  the	  bombardment	  process	  is	  carried	  out	  or	  
the	  intensity	  of	  the	  applied	  current,	  the	  nature	  of	  the	  formed	  oxides	  can	  be	  altered	  
[41	  –	  Centronic].	  However,	  variations	  in	  the	  plasma	  bombardment	  process	  is	  not	  the	  
focus	  of	  this	  investigation	  and	  the	  settings	  that	  are	  currently	  employed	  by	  Centronic,	  
and	  have	  been	  seen	  to	  show	  acceptable	  results,	  will	  be	  used	  to	  prepare	  all	  samples.	  
	  
Oxygen	  plasma	  bombardment,	  however,	  is	  not	  only	  used	  to	  encourage	  the	  growth	  of	  
a	  protective	  chromium	  oxide	   layer.	  Another	  benefit	  of	  using	  a	  plasma	  process	   is	  to	  
re-­‐condition	   the	   surface	   of	   a	   metallic	   sample	   and	   provide	   it	   with	   a	   higher	   work	  
function.	   By	   definition,	   the	   work	   function	   of	   a	   material	   is	   the	   minimum	   energy	  
required	   to	   eject	   an	   electron	   from	   the	   material	   in	   question.	   This	   surface	  
reconditioning	   serves	   to	   eliminate	   any	   potential	   contaminants	   present	   on	   the	  
surface	  of	  the	  oxide.	  The	  energetic	  oxygen	  atoms	  present	  in	  the	  plasma	  will	  undergo	  
chemical	  reactions	  with	  the	  surface	  and	  any	  contaminants	  present	  to	  subsequently	  
eject	  them.	  It	  is	  due	  to	  this	  that	  the	  process	  is	  often	  referred	  to	  as	  a	  plasma	  cleaning	  
procedure,	   as	   shown	   in	   [42	   –	   Harrick].	   The	   oxygen	   gas	   used	   throughout	   this	  
procedure	   must	   be	   removed	   completely	   after	   processing.	   As	   a	   result	   of	   oxygen’s	  
high	  electron	  attachment	  capabilities,	  any	  O2	  molecules	  remaining	  within	  the	  gas	  will	  
negatively	  impact	  the	  final	  performance	  of	  the	  detector.	  Another	  important	  process	  
undertaken	  to	  ensure	   that	  no	  oxygen	  molecules	  are	  still	  present	  or	   trapped	  within	  
the	  final	  materials	  is	  what	  is	  more	  commonly	  referred	  to	  as	  a	  ‘bake-­‐out’	  process.	  In	  
such	  processes,	  the	  detectors	  are	  heated	  to	  temperatures	  as	  high	  as	  400	  oC	  to	  help	  
force	  any	  oxygen	  out	  of	  the	  detector.	  The	  introduction	  of	  the	  heat	  will	  also	  help	  to	  
outgas	  any	  oxygen	  molecules	  that	  may	  be	  trapped	  in	  the	  detector	  materials	  by	  the	  
resulting	  oxide	  layer.	  
	  
[43	  –	  A.	  Vesel]	  suggests	  that	  the	  formation	  of	  passivation	  layers	  on	  stainless	  steels	  in	  
air	  consists	  of	  chromium	  and	  iron	  based	  oxides.	  They	  also	  discuss	  the	  dominance	  of	  
the	  chromium	  oxide	  when	  processed	  at	   lower	  oxygen	  partial	  pressures	  and	  higher	  
temperatures.	   Regions	   of	   higher	   chromium	   appeared	   to	   be	   present	   closest	   to	   the	  
bulk	  of	   the	   steel	   samples.	   It	   is	  expected	   for	   the	  chromium	  content	   in	   the	  detector	  
alloy	   to	   further	   impact	   on	   the	   chromium	   oxide	   present.	   [44	   –	   G.	   Lai,	   p.	   11-­‐15]	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suggests	   that,	   generally,	   stainless	   steel	   alloys	   containing	  more	   than	   approximately	  
18%	  chromium	  content	  are	  capable	  of	  producing	  a	  continuous	  chromium	  (III)	  oxide	  
(Cr2O3)	  layer	  to	  protect	  the	  sample	  from	  further	  attack.	  Other	  steel	  alloys	  containing	  
lesser	   quantities	   of	   chromium	   were	   found	   to	   be	   more	   susceptible	   to	   oxidisation	  
attack	  and	  showed	  the	  growth	  of	  iron-­‐based	  oxides	  in	  the	  form	  of	  Fe2O3,	  Fe3O4	  and	  
FeO	  under	  similar	  conditions.	  
	  
Previous	   literature	   has	   also	   investigated	   the	   thickness	   of	   steel	   oxides	   in	   oxygen-­‐
based	  environments	  and	  they	  typically	  were	  found	  to	  be	  of	  the	  order	  of	  nanometers.	  
[43	  –	  A.	  Vesel]	   suggests	   that	  differences	   in	  measurements	  can	  be	  due	   to	  different	  
sample	   preparations	   and	   that	   the	   general	   trend	   is	   typically	   an	   increase	   in	   oxide	  
thickness	   at	   higher	   temperatures.	   [45	   –	   S.	   Shibagaki]	   has	   shown	   that	   316L	   steel	  
produced	  a	  thickness	  of	  roughly	  16	  nm	  at	  a	  temperature	  of	  427	  oC	  and	  [46	  –	  G.	  Betz]	  
showed	   an	   oxide	   approximately	   20	   nm	   thick	   formed	   at	   400	   oC.	   At	   such	  
temperatures,	   the	   oxide	   thicknesses	   were	   found	   to	   be	   independent	   of	   the	   time	  
spent	  baking	  the	  samples.	  However,	  at	  higher	  temperatures	  this	  was	  not	  found	  to	  be	  
the	   case.	   [46	   –	   G.	   Betz]	   suggests	   that	   at	   temperatures	   of	   around	   900	   oC,	   the	  
thickness	  of	  the	  resulting	  steel	  oxide	  layer	  increased	  rather	  linearly	  with	  baking	  time.	  
Results	   from	   [47	   –	   I.	   Saeki]	   and	   [48	   –	   I.	   Saeki]	   also	   suggested	   that	   at	   baking	  
temperatures	   as	   high	   as	   1000	   oC,	   the	   oxide	   thickness	   similarly	   increased	   with	  
processing	   time.	  However,	   in	   this	   case,	   the	   relationship	  was	  not	   found	   to	   follow	  a	  
particularly	  linear	  relationship.	  
	  
A	  different	  surface	  treatment	  that	  can	  be	  used	  to	  promote	  the	  growth	  of	  chromium	  
oxide	  is	  nitric	  passivation.	  As	  stated	  in	  [49	  –	  J.	  Noh],	  nitric	  acid	  passivation	  processes	  
are	  considered	  for	  the	  removal	  of	  surface	  contamination,	  such	  as	  mild	  steel	  particles,	  
but	   can	   also	   help	   passivate	   the	   sample	   surface.	   Because	   steels	   already	   form	  
protective	   oxide	   layers	   spontaneously	   in	   air,	   [50	   –	   J.	   Crolet]	   suggests	   that	   such	  
processes	   can	   be	   referred	   to	   as	   “super-­‐passivation”.	  However,	   [51	   –	   G.	   Hultquist]	  
and	  [49	  –	  J.	  Noh]	  suggest	  that	  nitric	  acid	  can	  help	  in	  enriching	  the	  chromium	  content	  
towards	  the	  surface	  of	  a	  steel	  sample.	  [52	  –	  J.	  Crolet],	  [53	  –	  M.	  Barbosa]	  and	  [54	  –	  G.	  
Salvago]	  have	  also	  studied	  the	  effect	  of	  such	  treatments	  on	  reducing	  the	  likelihood	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of	   pitting	   corrosion.	   It	   is	   thought	   that	   the	   nitric	   acid’s	   ability	   to	   remove	   any	  
undesirable	   inclusions,	   most	   notably	   manganese	   sulphide	   (MnS),	   across	   the	   steel	  
surface	   helped	   to	   reduce	   any	   potential	   sites	   for	   pitting	   to	   occur.	   The	   amount	   of	  
chromium	   present	   in	   the	   passive	   layer	   is	   expected	   to	   relate	   to	   the	   corrosion	  
resistance	  of	  the	  steel	  in	  question.	  By	  increasing	  the	  concentration	  of	  the	  nitric	  acid	  
used,	   [55	   –	   T.	   Shibata]	   and	   [56	   –	   T.	   Shoji]	   observed	   an	   increase	   in	   the	   pitting	  
corrosion	   potential	   and	   the	   Cr-­‐to-­‐Fe	   ratio	   present	   in	   the	   passive	   film.	   From	   [57	   –	  
Outokumpo],	   it	   is	   suggested	   that	   nitric	   passivation	   can	   achieve	   the	   most	   rapid	  
chromium	  oxide	  formation	  when	  compared	  to	  other	  similar	  techniques.	  However,	  it	  
is	   also	   again	   suggested	   that	   passivating	   metallic	   samples	   generally	   does	   not	  
significantly	  improve	  their	  corrosion	  resistance.	  Nevertheless,	  the	  speed	  at	  which	  the	  
oxide	  will	  form	  is	  desirable	  in	  the	  production	  of	  GM	  detectors.	  	  
	  
A	   different	   yet	   common	   technique	   used	   when	   protecting	   metal	   surfaces	   from	  
corroding	  in	  harsh	  environments	  is	  to	  electroplate	  them	  with	  a	  pure	  chromium	  layer	  
several	  micrometres	  thick;	  the	  properties	  of	  chromium	  plating	  are	  described	  in	  [58	  –	  
BalSeal].	  This	  will	  help	  to	  produce	  a	  pure	  chromium	  oxide	  protective	  layer	  along	  the	  
internal	   surfaces	   of	   the	   detector.	   While	   non-­‐plating	   protection	   processes	   provide	  
corrosion-­‐resistance,	   a	   pure	   chromium	   layer	   is	   expected	   to	   further	   increase	   its	  
corrosion-­‐resistance.	   This	   improved	   resistance	   will	   arise	   due	   to	   the	   significantly	  
increased	   fraction	   of	   chromium	   in	   the	   protective	   oxide.	   More	   resistant	   detector	  
materials	  to	  reactions	  with	  the	  halogen	  quench	  gas	  will	  reduce	  its	  depletion	  and	  help	  
to	  extend	  the	  detector	  lifetime.	  	  
	  
In	   order	   for	   the	   plating	   layer	   to	   adhere	   properly	   to	   the	   internal	   surface	   of	   the	  
cathode	  cans,	  it	  is	  necessary	  to	  remove	  any	  oxide	  or	  contaminants	  from	  the	  metallic	  
surface.	  The	  natural	   formation	  of	  metal	  oxides	  on	  steel	   surfaces	   in	  air	  will	  prevent	  
the	  deposition	  of	  the	  any	  plating	  layer.	  A	  chemical	  etchant	  is	  used	  in	  this	  situation	  to	  
etch	   away	   the	  oxides.	   The	  etched	  materials	   can	   then	  be	  placed	   in	   suitable	  plating	  
baths	   containing	   a	   chromic	   acid	   solution	   and	  a	   catalyst	   solution	   to	   commence	   the	  
electroplating	   process.	   A	   catalyst	   solution	   is	   introduced	   alongside	   the	   plating	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solution	  in	  order	  to	  aid	  the	  uniform	  deposition	  of	  a	  chromium	  layer	  on	  the	  required	  
samples,	  as	  discussed	  in	  [59	  –	  E.	  Svenson].	  	  
	  	  
The	  most	  desirable	  type	  of	  plating	  layer	  for	  the	  purpose	  of	  corrosion-­‐resistance	  must	  
fulfill	   two	  main	   requirements:	   a	   continuous	   layer	  across	   the	   surface	  and	  a	   smooth	  
finish.	   The	   high	   chromium	   content	   present	   in	   the	   detector	   materials	   will	   help	   to	  
reduce	   the	   effects	   of	   an	   incomplete	   plating	   layer.	   However,	   localised	   chemical	  
reactions	   in	   the	   less-­‐resistant	   zones	   may	   still	   hasten	   the	   quench	   gas	   depletion.	  
Rough	   surfaces	   on	   the	   other	   hand	   can	   trap	   contaminants	   introduced	   during	   the	  
processing	  stages.	   It	   is	  also	  possible	  for	  high	  spots	  to	  compromise	  the	  local	  electric	  
field.	  Both	  cases	  can	  possibly	  alter	  the	  performance	  of	  the	  detectors.	  From	  [60	  –	  M.	  
Schlesinger,	   p.	   205-­‐248],	   it	   has	   been	   found	   that,	   for	   general	   electroplating	  
processes,	   the	   operational	   parameters	   most	   likely	   to	   influence	   the	   structure	   and	  
surface	   finish	   of	   the	   resulting	   plating	   layers	   are	   the	   concentration	   of	   the	   plating	  
solution,	   the	   current	   density	   when	   carrying	   out	   the	   electroplating	   and	   the	  
temperature	  at	  which	  the	  process	   is	  performed.	  Extensive	  testing	  has	  been	  carried	  
out	   at	   Centronic	   to	   establish	   the	   ideal	   conditions	   for	   electroplating	   the	   detector	  
samples.	  As	  a	  result,	  these	  parameters	  will	  remain	  fixed	  and	  their	  variations	  will	  not	  
be	  explored.	  A	  more	  expansive	  list	  discussing	  the	  impact	  of	  operating	  outside	  of	  the	  
recommended	  plating	  parameters	  can	  be	  found	  in	  [61	  –	  Plating	  Resources	  Inc.].	  
	  
Not	  much	  literature	   is	  currently	  available	  showing	  the	  exact	  reactions	  between	  the	  
bromine	  quench	  gas	  and	  the	  internal	  detector	  components.	  The	  previous	  literature	  
discussed,	  however,	  suggests	  that	   lower	  amounts	  of	  chromium	  in	  the	  passive	   layer	  
leave	   the	   steel	   more	   susceptible	   to	   corrosion.	   [33	   –	   D.	   Morin]	   has	   shown	   clear	  
evidence	   that	   bromine	   deposits	   are	   present	   across	   the	   internal	   surfaces	   of	   the	  
cathode	  and	  also	  the	  anodes	  as	  their	  detectors	  samples	  were	  aged.	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4.	   Surface	  Characterisation	  Techniques	  
4.1	   Structure	  of	  Chapter	  
This	  chapter	  will	  provide	  some	  operational	   insight	   into	  the	  surface	  characterisation	  
techniques	  used	  for	  the	  research	  carried	  out.	  Section	  4.2	  will	  introduce	  the	  concept	  
of	   surface	   characterisation	   and	   the	   benefits	   that	   can	   be	   obtained	   from	   its	   use.	  
Section	   4.3	   will	   discuss	   the	   Scanning	   Electron	   Microscope	   (SEM)	   and	   how	   it	   is	  
utilised.	   Section	   4.4	   will	   provide	   a	   brief	   explanation	   of	   the	   Elemental	   X-­‐ray	  
Dispersion	   (EDX)	   technique	   that	   is	   commonly	   used	   alongside	   an	   SEM.	   The	   chapter	  
will	  then	  conclude	  with	  Section	  4.5,	  which	  will	  provide	  a	  brief	  discussion	  on	  the	  use	  
of	  surface	  profilers.	  
	  
4.2	   An	  Introduction	  to	  Surface	  Characterisation	  
The	  surface	  of	  any	  material	   is	  an	  essential	   feature	  that	  must	  be	  considered	  for	  the	  
application	  in	  which	  it	  is	  used.	  It	  is	  because	  of	  this	  that	  the	  ability	  to	  investigate	  the	  
properties	   of	   different	   surfaces	   is	   seen	   as	   an	   area	   of	   great	   interest.	   With	   recent	  
advancements	  in	  technology,	  and	  with	  the	  right	  sample	  preparation,	  it	  has	  become	  
relatively	   simple	   to	   extract	   significant	   amounts	   of	   information	   from	   surfaces	   of	  
different	   types,	   thicknesses	   and	   sizes.	   One	   particular	   field	   of	   interest	   where	   such	  
techniques	  are	  frequently	  used	  is	  in	  corrosion	  science.	  
	  
One	   frequent	   use	   of	   surface	   characterisation	   is	   usually	   to	   determine	   whether	  
something	   that	   should	   be	   on	   the	   surface	   is	   present,	   or,	   on	   the	   contrary,	   to	  
determine	  if	  something	  that	  should	  not	  be	  present	  on	  the	  surface	  is	  detected.	  Many	  
different	  surface	  characterisation	  techniques	  can	  be	  employed	  and	  each	  one	  tends	  
to	   have	   its	   benefits	   and	   limitations.	   For	   the	   most	   part,	   the	   different	   analytical	  
techniques	  can	  be	  divided	  into	  two	  different	  categories:	  magnification	  and	  structure	  
visualization,	   or	   chemical	   composition	   and	   elemental	   analysis.	   Before	   determining	  
what	  technique	  is	  most	  suitable	  for	  the	  investigation,	  it	  is	  first	  necessary	  to	  identify	  
the	   region	  of	  a	   sample	   that	   requires	   investigation.	   In	   some	   instances,	  only	   the	   top	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few	   atomic	   layers	   are	   required,	   whereas	   other	   studies	   will	   aim	   to	   analyse	  
compositional	   changes	   between	   the	   surface	   and	   the	   bulk	   of	   the	   material.	   The	  
general	  principle	   that	  applies	   to	  all	   surface	  characterisation	  techniques	   is	  shown	   in	  
Figure	  4.1.	  
	  
	  
Figure	   4.1:	   Schematic	   principle	   of	   analysis	   carried	   out	   for	   all	   surface	   characterisation	   techniques.	  
Based	  on	  image	  from	  [62	  –	  EOLSS].	  
	  
Carrying	  out	  a	  full	  surface	  characterisation	  of	  any	  given	  surface	  cannot	  be	  achieved	  
by	   using	   one	   single	   technique.	   Such	   a	   complete	   analysis	   would	   need	   to	   provide	  
information	   about	   the	   roughness	   of	   the	   surface,	   the	   arrangement	   of	   atoms,	   the	  
quantitative	  elemental	   composition,	   the	  distribution	  of	   the	  elements	  and	  chemical	  
state	   of	   the	   elements.	   It	   is	   for	   this	   reason	   that	  multiple	   techniques	  must	   be	   used	  
together.	   This,	   however,	   is	   also	   dependent	   on	   the	   requirements	   of	   the	  
investigations.	   If	   a	   study	   is	   only	   interested	   in	   identifying	   and	   quantifying	  
contaminants	   across	   the	   surface	   of	   a	   metallic	   sample,	   a	   single	   technique	   can	   be	  
sufficient.	   Identifying	   the	   right	   technique	   will	   then	   depend	   on	   the	   sensitivity	  
required.	  
	  
Target	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4.3	   Scanning	  Electron	  Microscope	  
A	  Scanning	  Electron	  Microscope	  (SEM)	  operates	  by	  focusing	  a	  beam	  of	  high-­‐energy	  
electrons	  onto	  the	  surface	  of	  a	  select	  sample.	  This	  process	  will	  result	  in	  the	  emission	  
of	  electrons	  to	  produce	  detectable	  signals.	  From	  these	  signals,	   it	  becomes	  possible	  
to	   obtain	   extensive	   information	   linked	   to	   the	   composition	   and	   structure	   of	   the	  
material’s	   constituent	   elements.	   As	   the	   incident	   beam	   is	   scanned	   over	   an	   area	   of	  
interest,	   the	   intensity	  of	   the	   resulting	   signals	   can	  be	  used	   to	  produce	  a	  2D	   image.	  
Typical	   SEM	   equipment	   is	   capable	   of	   imaging	   regions	   ranging	   from	   a	   few	  
micrometres	  up	  to	  larger	  regions	  of	  a	  few	  centimetres.	  The	  spatial	  resolution	  of	  such	  
devices	  is	  often	  between	  50	  nm	  –	  100	  nm.	  
	  
The	   SEM	   itself	   is	   not	   capable	   of	   producing	   any	   quantitative	   compositional	  
information	   when	   investigating	   samples	   but	   the	   resulting	   images	   can	   still	   provide	  
useful	  information.	  This	  is	  made	  possible	  due	  to	  the	  high	  kinetic	  energy	  possessed	  by	  
the	   accelerated	   electron	   beam.	   As	   these	   electrons	   strike	   the	   sample,	   they	   are	  
decelerated	  and	  will	  transfer	  energy	  to	  the	  struck	  atoms.	  This	  can	  result	  in	  different	  
signals;	   those	  of	  prime	   importance	   include	  secondary	  and	  backscattered	  electrons,	  
photons	   and	   characteristic	   x-­‐rays.	   Secondary	   electrons	   are	   low	   energy	   electrons,	  
typically	  less	  than	  50	  eV,	  ejected	  from	  an	  atom	  through	  inelastic	  collisions	  with	  the	  
electrons	   present	   in	   the	   SEM	   beam.	   Because	   of	   their	   low	   energy,	   any	   detected	  
secondary	   electrons	   will	   be	   from	   the	   first	   few	   nanometers	   of	   a	   detector	   surface.	  
Imaging	   using	   these	   secondary	   electrons	   is	   useful	   when	   studying	   the	  morphology	  
and	  topography	  of	  a	  sample.	  
	  
Backscattered	   electrons,	   or	   BSE,	   are	   high	   energy	   electrons	   from	   the	   incident	   SEM	  
beam	  that	  are	  scattered	  back	  through	  interactions	  with	  the	  target	  material.	  Due	  to	  
their	   higher	   cross-­‐sectional	   area,	   elements	   with	   higher	   atomic	   numbers	   are	  more	  
likely	   to	   backscatter	   incident	   electrons.	   It	   is	   for	   this	   reason	   that	   acquiring	  
backscattered	   electrons	   can	   produce	   images	   that	   identify	   different	   compositional	  
regions	   within	   a	   sample.	   Heavier	   elements	   will	   appear	   brighter	   due	   to	   a	   higher	  
quantity	   of	   backscattered	   electrons,	   whereas,	   conversely,	   lighter	   elements	   will	  
appear	  darker	  due	  to	  the	  lower	  probability	  of	  electrons	  being	  backscattered.	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Similar	  to	  all	  other	  characterisation	  techniques,	  the	  SEM	  will	  have	  its	  strengths	  and	  
weaknesses.	  One	  of	  the	  most	  beneficial	  features	  that	  makes	  the	  SEM	  such	  a	  popular	  
technique	   is	   its	   ability	   to	   cater	   to	   numerous	   different	   applications,	   where	   the	  
prepared	   samples	   require	   minimal	   preparation.	   In	   addition	   to	   this,	   its	   ease-­‐of-­‐
operation	  and	  ability	  to	  extract	  information	  simply	  often	  makes	  it	  a	  starting	  point	  for	  
any	  surface	  characterisation	  investigations.	  The	  main	  limitation	  of	  using	  the	  SEM	  is	  in	  
the	  nature	  of	  the	  samples.	  Due	  to	  the	  high	  vacuum	  levels	  required	  within	  the	  sample	  
chamber,	   only	   solid	   samples	   can	   be	   analysed	   successfully.	  While	   samples	   are	   also	  
required	   to	   be	   conducting	   to	   prevent	   a	   drifting	   signal,	   a	   few	  workarounds	   can	   be	  
used	  to	  obtain	  salient	   information.	  Most	  modern	  SEMs	  come	  equipped	  with	  a	   low-­‐
vacuum	  environmental	  SEM	  mode	  used	  for	  such	  cases.	  Despite	  these	  limitations,	  the	  
SEM	   remains	   a	   highly	   valued	   analytical	   technique	   and,	   provided	   the	   application	   is	  
suitable,	  it	  can	  be	  used	  to	  obtain	  beneficial	  information.	  
	  
4.4	   Elemental	  X-­‐Ray	  Dispersion	  
The	  Elemental	  Dispersion	  X-­‐ray	   Spectroscopy	   (EDX	  or	   EDS)	   technique	   is	   capable	  of	  
quantifying	  the	  elemental	  composition	  for	  a	  material	  under	  investigation.	  The	  x-­‐ray	  
detector	  required	  to	  carry	  out	  such	  investigations	  is	  a	  common	  attachment	  on	  most	  
modern	  SEMs;	  it	  is	  for	  this	  reason	  that	  the	  two	  techniques	  are	  usually	  combined	  as	  
SEM/EDX	   analysis.	   When	   carrying	   out	   EDX	   investigations,	   the	   SEM	   is	   usually	  
operated	   in	   back-­‐scattered	   electron	   mode	   to	   provide	   images	   that	   can	   identify	  
regions	  of	  differing	  elemental	  compositions	  across	  the	  sample.	  From	  [33	  –	  D.	  Morin],	  
it	  has	  been	  shown	  that	  an	  SEM	  capable	  of	  analysing	  characteristic	  x-­‐ray	  emissions	  is	  
an	   effective	  method	   of	   locating	   any	   halogen	   quench	   gas	   deposits	   on	   the	   internal	  
surfaces	  of	  GM	  detector	  components.	  	  
	  
As	   the	   electron	   beam	   from	   an	   SEM	   strikes	   a	   material	   of	   interest,	   a	   series	   of	  
characteristic	  x-­‐rays	  are	  emitted.	  The	  emission	  of	  the	  x-­‐rays	  is	  a	  direct	  consequence	  
of	   inelastic	   collisions	  between	   the	   incident	  electrons	  and	   the	  electrons	  held	   in	   the	  
atomic	   orbitals	   of	   the	   target	   materials.	   The	   de-­‐excitation	   of	   electrons	   to	   lower	  
energy	  states	  will	  then	  produce	  an	  x-­‐ray	  with	  an	  energy	  that	  is	  unique	  to	  a	  particular	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element.	  It	   is	  because	  of	  this	  phenomenon	  that	  it	  becomes	  possible	  to	  identify	  and	  
quantify	  the	  elements	  that	  are	  present.	  As	  the	  x-­‐rays	  are	  emitted,	  an	  x-­‐ray	  detector	  
will	  then	  collect	  them;	  such	  detectors	  are	  usually	  silicon	  lithium	  detectors	  (Si(Li))	  or	  
silicon	  drift	  detectors	  (SDD).	  The	  software	  used	  to	  operate	  the	  EDX	  component	  will	  
then	  interpret	  the	  signals	  to	  record	  a	  spectrum	  highlighting	  the	  presence	  of	  certain	  
elements	   in	   the	   sample	   of	   interest.	   An	   example	   of	   such	   a	   spectrum	   is	   shown	   in	  
Figure	  4.2.	  
	  
	  
Figure	   4.2:	   A	   characteristic	   x-­‐ray	   spectrum	   displayed	   by	   the	   EDX	   software	   for	   a	   chromium	   plated	  
metal	  sample.	  The	  y-­‐axis	  is	  unlabeled	  but	  represents	  a	  relative	  count	  rate.	  
	  
After	   recording	   the	   spectra,	   the	   software	   can	   then	   output	   a	   set	   of	   compositional	  
percentages	   for	   all	   the	   different	   elements	   present;	   these	   values	   are	   typically	  
expressed	  as	  a	  percentage	  by	  weight.	  To	  ensure	  the	  detection	  system	  is	  operating	  as	  
required,	  calibration	  samples,	  or	  standards,	  are	  commonly	  used	  before	  carrying	  out	  
any	  subsequent	  investigations.	  
	  
An	   important	   concept	   to	   consider	   when	   discussing	   EDX	   analysis	   is	   the	   interaction	  
volume	   between	   the	   electron	   beam	   and	   the	   sample	   of	   interest.	   This	   volume	   will	  
depend	   on	   both	   the	   selected	   accelerating	   voltage	   of	   the	   SEM	   equipment	   and	   the	  
elements	  present	   in	   the	   target.	   The	  accelerating	  voltage	   is	  directly	  proportional	   to	  
the	  energy	  of	  the	  electrons	  in	  the	  beam.	  For	  all	  investigations	  carried	  as	  part	  of	  this	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research,	  the	  accelerating	  voltage	  set	  at	  20	  kV	  value,	  unless	  otherwise	  mentioned.	  As	  
suggested	  in	  [63	  –	  JEOL],	  15	  –	  20	  kV	  SEM	  accelerating	  voltages	  are	  typically	  used	  for	  
non-­‐biological	   samples,	   such	   as	   metals.	   Operating	   at	   the	   higher	   edge	   of	   this	  
spectrum	  will	  ensure	  that	  the	  characteristic	  x-­‐rays	  are	  emitted	  from	  the	  sample.	  [64	  
–	  JEOL]	  shows	  a	  table	  of	  of	  the	  suggested	  minimum	  accelerating	  voltages	  needed	  to	  
detect	   the	   lowest	  energy	  x-­‐ray	   for	  each	  element.	  Schematic	  diagrams	  of	  estimated	  
interaction	   volumes	   between	   different	   beam	   energies	   and	   different	   materials	   are	  
shown	  in	  Figure	  4.3.	  
	  
	  
Figure	  4.3	  [from	  65	  –	  J.	  Wittke]:	  Expected	  SEM	  electron	  beam	  interaction	  volumes	  for	  different	  target	  
elements	  and	  impinging	  energies.	  
	  
[66	  –	  P.	  Potts,	  p.	  336]	  suggests	  that	  it	  is	  possible	  to	  calculate	  rough	  estimates	  for	  the	  
width	  and	  depth	  of	  such	  interaction	  volumes.	  These	  calculations	  will	  depend	  on	  the	  
accelerating	  voltage,	  E,	  in	  kV	  and	  the	  density	  of	  the	  material,	  ρ,	  in	  g/cm3.	  
	  𝐃𝐞𝐩𝐭𝐡	  (𝛍𝐦) = 𝟎.𝟏∙𝐄𝟏.𝟓𝛒 	   Equation	  4.1	  𝐖𝐢𝐝𝐭𝐡	  (𝛍𝐦) = 𝟎.𝟎𝟕𝟕∙𝐄𝟏.𝟓𝛒 	  	   	   	   	   	   	   Equation	  4.2	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To	   produce	   a	  more	   accurate	   calculation	   of	   the	   penetration	   depth	   of	   the	   electron	  
beam,	  additional	  parameters	  will	  also	  need	  to	  be	  considered.	  The	  atomic	  number,	  Z,	  
and	  the	  atomic	  mass,	  A,	  of	  the	  target	  nuclei	  can	  be	  included,	  from	  [67	  –	  Kanaya].	  
	  𝐃𝐞𝐩𝐭𝐡	  (𝛍𝐦) = 𝟎.𝟎𝟐𝟖∙𝐀∙𝐄𝟏.𝟔𝟕𝛒∙𝐙𝟎.𝟖𝟗 	   	   	   	   	   	   Equation	  4.3	  
	  
From	  these	  calculations,	  it	  becomes	  possible	  to	  deduce	  whether	  the	  measured	  x-­‐ray	  
signal	  from	  a	  particular	  element	  is	  present	  in	  the	  selected	  region-­‐of-­‐interest	  or	  if	  the	  
signal	  might	  be	  emitted	  from	  a	  nearby	  feature.	  Because	  the	  accelerating	  voltage	  can,	  
to	  a	  certain	  extent,	  control	   the	  size	  of	   the	   interaction	  volume,	  decreasing	   its	  value	  
can	   help	   produce	   a	   smaller	   signal	   emission	   zones.	   The	   SEM/EDX	   features	   of	  
particular	   interest	   to	   routine	   investigations	  have	  been	  briefly	  explored.	  A	  more	   in-­‐
depth	  exploration	  of	  the	  physics	  governing	  EDX	  analysis	  is	  shown	  in	  [68	  –	  Noran].	  
	  
4.5	   Surface	  Profilometer	  
The	   surface	   of	   a	   sample	   can	   provide	   insight	   on	   whether	   it	   is	   suitable	   for	   its	  
designated	  application.	   Inconsistencies	  or	   irregularities	  across	   the	   internal	   surfaces	  
of	  the	  Geiger	  cathodes	  can	  lead	  to	  changes	  in	  the	  detector	  performance.	  A	  surface	  
profilometer	   can	  be	  used	   to	  measure	   and	  quantify	   the	   roughness	  of	   a	   flat	   sample	  
and	   was	   selected	   for	   these	   investigations.	   The	   equipment	   is	   not	   able	   to	   produce	  
elemental	   or	   compositional	   information	   regarding	   a	   sample,	   it	   is	   categorised	   as	   a	  
means	   of	   measuring	   the	   mechanical	   properties	   of	   a	   material	   surface.	   With	  
advancements	  in	  technology,	  non-­‐contact	  methods	  are	  being	  developed	  to	  carry	  out	  
such	  measurements.	  However,	  contact-­‐based	  profilometers	  are	  still	  in	  frequent	  use.	  
Such	  profilometers	  operate	  by	  moving	  a	  stylus	  laterally	  across	  a	  given	  sample	  over	  a	  
chosen	   range.	  The	  applied	   force	  by	   the	  probe	  can	  also	  be	  controlled	   to	  match	   the	  
rigidity	  of	  the	  material	  under	  investigation.	  The	  position	  of	  the	  stylus	  then	  produces	  
a	   signal	   that	   can	   be	   analysed	   to	   measure	   small	   fluctuations	   in	   the	   surface	  
topography.	  The	  software	  driving	  the	  surface	  profiliometer	  controls	  the	  parameters	  
of	   each	   scan,	   such	   as	   the	   applied	   probe	   force,	   the	   scanning	   area	   and	   the	   total	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number	   of	   measurements.	   After	   each	   scan	   is	   completed,	   a	   dataset	   of	   positional	  
results	  can	  then	  be	  exported	   in	  comma-­‐seperated	  values	  (CSV)	  format.	  From	  these	  
files,	   it	   is	   then	   possible	   to	   plot	   and	   analyse	   the	   surface	   data	   and	   any	   measured	  
changes.	  The	  standard	  deviation	  of	  the	  positional	  readings	  is	  often	  a	  good	  indication	  
of	  the	  surface	  variations	  across	  a	  sample	  of	  interest	  and	  can	  be	  used	  to	  quantify	  the	  
surface	  roughness.	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5.	   Materials	  and	  Methods	  
5.1	   Structure	  of	  Chapter	  
This	   chapter	   will	   discuss	   the	   materials	   and	   processes	   used	   to	   study	   the	   lifetime	  
performance	  of	  Geiger-­‐Müller	   detectors.	  Section	   5.2	  will	   discuss	   the	   characteristic	  
properties	  of	  the	  ZP1200	  Centronic-­‐produced	  GM	  detector.	  This	  particular	  detector	  
type	  was	  considered	  for	  all	  investigatory	  samples	  prepared.	  Section	  5.3	  will	  provide	  
a	  brief	  overview	  of	  the	  production	  processes	  involved	  in	  the	  manufacture	  of	  Geiger-­‐
Müller	  detectors.	  Section	   5.4	  will	   highlight	   the	  processes	   carried	  out	   to	  accelerate	  
the	   ageing	  of	   all	   detector	   samples	   involved.	   Finally,	  Section	   5.5	  will	   introduce	  and	  
discuss	   the	   test	   equipment	   and	   facilities	   required	   for	   the	   research	   that	   has	   been	  
carried	  out.	  
	  
5.2	   ZP1200	  Geiger-­‐Müller	  Detector	  
Due	   to	   its	   popularity,	   the	   type	   of	   Geiger-­‐Müller	   detector	   selected	   to	   carry	   out	   all	  
investigations	  was	   the	   ZP1200	  detector.	   By	   design,	   the	   ZP1200	   is	   only	   required	   to	  
detect	   gamma	   radiation	   and	   possesses	   an	   active	   length	   of	   approximately	   40	  mm.	  
The	  detector	  assembly	  consists	  of	  a	   thin	  446	  stainless	   steel	   cylinder,	  which	  acts	  as	  
the	   cathode,	   and	   a	   1	   mm	   diameter	   446	   stainless	   steel	   anode	   suspended	   in	   the	  
middle.	   In	  order	  to	  prevent	  any	  electrical	  tracking	  between	  the	  two	  components,	  a	  
glass	  seal	  is	  used	  at	  one	  end	  of	  the	  cathode	  tube.	  This	  seal	  also	  ensures	  that	  the	  fill	  
gases	  do	  not	  escape	  their	  container.	  The	  quantities	  of	  bromine	  quench	  gas	  are	  kept	  
to	   a	   minimum	   in	   the	   ZP1200	   in	   order	   to	   produce	   detectors	   with	   relatively	   low	  
starting	   voltages.	   This	   will	   help	   make	   them	   applicable	   to	   a	   wider	   range	   of	  
applications.	   The	   lower	   and	  upper	   temperature	   thresholds	   for	   such	  a	  detector	   are	  
set	   at	   -­‐40	   oC	   and	   70	   oC	   respectively.	  Within	   this	   range,	   a	   readable	   output	   can	   be	  
produced	  for	  radiation	  dose	  rates	  between	  10-­‐3	  and	  102	  mGy	  per	  hour	  for	  a	  Caesium-­‐
137	  source,	  as	  shown	  in	  [2	  –	  Centronic,	  p.	  6-­‐7]	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The	  three	  surface	  treatment	  processes	  discussed	  in	  Section	  3.5.2	  have	  been	  used	  to	  
prepare	   the	   ZP1200	   detector	   samples	   for	   investigation.	   Raw	   detectors	   are	  
representative	   of	   samples	   that	   have	   undergone	   an	   oxygen	   plasma	   bombardment	  
process.	   Passivated	   detector	   samples	   undergo	   a	   nitric	   passivation	   process	   and	   an	  
additional	  oxygen	  plasma	  process;	  the	  nitric	  acid	  is	  used	  to	  reduce	  the	  iron	  content,	  
while	  the	  oxygen	  bombardment	  then	  encourages	  the	  growth	  of	  the	  chromium	  oxide.	  
Plated	   detectors	   underwent	   a	   chromium	   electroplating	   process	   before	   then	   using	  
oxygen	  plasma	  to	  form	  a	  purer	  chromium	  oxide	  protective	  layer.	  
	  
5.3	   Geiger-­‐Müller	  Detector	  Production	  	  
All	  detector	  samples	  prepared	  for	  the	  investigations	  followed	  the	  same	  three-­‐stage	  
approach.	  The	  initial	  production	  process	  was	  to	  prepare	  all	  the	  internal	  components	  
required	  for	  each	  Geiger-­‐Müller	  counter.	  This	  is	  where	  the	  differences	  between	  the	  
plated,	  passivated	  and	  raw	  detector	  samples	  are	  found.	  These	  differences	  have	  been	  
discussed	  in	  Section	  3.5.2.	  
	  
After	   processing	   the	   components,	   each	   detector	   sample	  was	   then	   assembled	   and	  
loaded	  onto	  a	  suitable	  pumping	  manifold	  for	  further	  processing	  and	  gas	  filling.	  With	  
the	   required	   detectors	   loaded	   onto	   the	   manifold,	   they	   are	   then	   placed	   under	  
vacuum	  to	  process.	  The	  gas	  manifolds	  are	  routinely	  cleaned	  to	  reduce	  the	  risk	  of	  any	  
residual	   contaminants	   entering	   the	   detectors	   during	   the	   gas-­‐filling	   stage.	   At	   this	  
stage,	   all	   three	   detector	   types	   were	   subjected	   to	   the	   final	   oxygen	   plasma	  
bombardment	  process.	  The	  final	  gas-­‐filling	  stage	  was	  then	  undertaken,	  after	  which	  
the	  detectors	  were	  then	  sealed	  and	  removed.	  	  
	  
The	   final	   production	   stage	   is	   the	   testing	  of	   any	  processed	   and	   filled	  Geiger-­‐Müller	  
detectors.	   Each	   type	   of	   detector	   has	   been	   designed	   to	   produce	   operational	  
parameters	   that	   fall	   within	   a	   required	   set	   of	   values.	   This	   is	   achieved	   through	  
detector	   shape,	  and	  also	   the	   ratio	  of	   the	  amount	  of	   fill	   gas	   to	   the	  amount	  quench	  
gas.	  Provided	  the	  detectors	  produce	  satisfactory	  test	  results,	  they	  are	  then	  deemed	  
fit	  for	  purpose.	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The	  production	  manifolds	  are	  capable	  of	  loading	  up	  to	  54	  ZP1200	  per	  batch;	  a	  single	  
batch	   of	   ZP1200s	  was	   produced	   for	   each	   of	   the	   protective	   processes	   discussed	   in	  
Section	  3.4.2.	  
	  
5.4	   Detector	  Ageing	  Process	  
The	  lifetime	  of	  a	  detector	  has	  been	  discussed	  in	  Section	  3.4.	  To	  accelerate	  the	  ageing	  
process,	  detectors	  are	  operated	   in	   the	  presence	  of	  a	  6	  GBq	  Caesium-­‐137	  radiation	  
source	  in	  a	  dedicated	  gamma	  exposure	  room	  that	  provided	  gamma-­‐ray	  dose	  rates	  of	  
(1.3	  ±	  0.1)	  mSv/hr.	  Due	  to	  the	  attenuation	  of	  incident	  radiation	  by	  the	  environmental	  
chamber	  used	  for	  high	  temperature	  investigations,	  the	  dose	  rate	  for	  samples	  aged	  at	  
elevated	   temperatures	   was	   approximately	   (1.0	   ±	   0.1)	   mSv/hr.	   To	   ensure	   that	   no	  
additional	   variables	  were	   introduced	  during	   the	   investigations,	   the	  detectors	  were	  
aged	  using	  Centronic’s	  recommended	  electrical	  circuit.	  The	  equipment	  that	  has	  been	  
designed	   and	   created	   for	   this	   project	   will	   be	   discussed	   in	   Section	   5.5.	   With	   the	  
detectors	  at	  room	  temperature	  and	  125	  oC	  run	  with	  an	  operating	  voltage	  of	  500	  V	  
24-­‐hours	   a	   day,	   their	   operational	   parameters	   were	   routinely	   monitored	   for	   any	  
changes.	  The	   room	  temperature	  samples	  accumulated	  a	   total	  of	  5.7	  x	  1010	  counts,	  
while	  the	  125	  oC	  samples	  accumulated	  a	  total	  of	  3.3	  x	  1010	  counts.	  These	  studies	  will	  
form	  a	  quantitative	  means	  of	  comparing	  the	  different	  protective	  processes.	  
	  
The	  test	  equipment	  is	  setup	  to	  record	  a	  starting	  voltage	  for	  each	  detector	  sample	  as	  
it	   is	   being	   aged.	   This	   is	   used	   to	   measure	   any	   large	   changes	   that	   might	   signify	   a	  
depletion	  of	   the	  quench	  gas.	  To	  provide	  a	  quicker	  Vs	  measurement	   for	  all	   samples	  
under	   test,	   the	  detectors	  were	   removed	   from	   the	  gamma	  cell	   and	   tested	  at	   room	  
temperature	  using	  Centronic’s	  auto-­‐test	  equipment	  (ATE)	  after	  every	  two	  weeks	  of	  
ageing,	   or	   approximately	   0.5	   x	   1010	   counts.	   The	   Caesium-­‐137	   source	   in	   this	  
equipment	  provides	  gamma	  dose	  rates	  similar	  to	  those	  produced	  in	  the	  gamma	  cell.	  
The	   ATE	   is	   also	   capable	   of	   measuring	   the	   detector	   operating	   count	   rates	   at	   the	  
ZP1200	   operating	   voltage	   of	   500	   V.	   The	   operation	   of	   the	   ATE	  will	   be	   discussed	   in	  
Section	  5.5.	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The	   Geiger	   plateaus	   are	   then	   measured	   individually	   using	   a	   weaker	   0.6	   GBq	  
Caesium-­‐137	  source	  in	  the	  semi-­‐automated	  plateau	  plotter	  that	  provided	  lower	  dose	  
rates	  of	  approximately	  0.33	  mSv/hr.	  This	  process	   is	  carried	  out	  separately	   for	  each	  
individual	  detector.	  From	  this	  collection	  of	  plots,	  measurements	  of	  the	  plateau	  slope	  
and	   plateau	   lengths	   can	   be	   used	   for	   comparisons	   between	   the	   different	   detector	  
types.	  After	  completing	  the	  plateau	  plots,	  the	  detector	  samples	  were	  then	  returned	  
to	  their	  relevant	  fixtures	  in	  the	  gamma	  cell.	  
	  
The	  final	  performance	  test	  carried	  out	  on	  the	  detector	  samples	  was	  to	  measure	  the	  
detectors’	  operating	  count	  rates	  to	  ambient	  radiation.	  With	  the	  Caesium-­‐137	  source	  
in	  the	  gamma	  cell	  still	  shielded,	  the	  operating	  voltage	  was	  applied	  to	  all	  samples	  now	  
placed	   in	   the	  designated	   jigs.	   The	  count	   rate	  of	  each	  detector	  was	   then	  measured	  
over	  a	  period	  of	  3	  minutes	  and	  scaled	  down	  to	  produce	  a	  counts-­‐per-­‐second	  reading.	  
For	   the	   detectors	   aged	   at	   125	   oC,	   this	   ambient	   measurement	   was	   carried	   out	   at	  
room	   temperature	   and	   again	   after	   returning	   the	   temperature	   to	   125	   oC.	  With	   the	  
important	   Geiger	   operational	   parameters	   acquired	   at	   each	   ageing	   interval,	   the	  
detector	  samples	  were	  then	  aged	  further.	  
	  
To	   carry	   out	   the	   surface	   characterisation	   ageing	   investigations	   for	   each	   protective	  
process,	  a	  few	  samples	  were	  removed	  from	  the	  ageing	  process	  at	  regular	  intervals;	  
this	   was	   determined	   to	   be	   roughly	   after	   every	   1.0	   x	   1010	   accumulated	   counts,	  
provided	   no	   dramatic	   changes	   had	   occurred	   in	   between	   measurements	   that	  
required	   further	   investigations.	   After	   preparing	   the	   samples,	   they	   were	   analysed	  
using	  the	  S3200	  SEM/EDX	  equipment	  available	  at	  the	  University	  of	  Surrey.	  Different	  
areas	   were	   studied	   across	   the	   surface	   of	   each	   sample	   to	   identify	   any	   possible	  
evidence	   of	   increasing	   bromine	   content.	   A	   Dektak	   8	   surface	   profiler	   was	  
subsequently	  used	  to	  investigate	  the	  surface	  roughness	  with	  age	  for	  each	  protective	  
process	  used.	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5.5	   Test	  Equipment	  
5.5.1	   Measuring	  Geiger	  Operational	  Parameters	  
The	  ageing	  procedure	  was	  carried	  out	   in	  an	   isolated	  gamma	  cell;	   the	  source	  was	  a	  
Caesium-­‐137	  source	  with	  an	  activity	  of	  6	  GBq.	  To	  age	  the	  detectors,	  two	  suitable	  jigs	  
were	   designed,	   developed	   and	   tested	   over	   a	   period	   of	   2	   months	   to	   support	   32	  
ZP1200	  detector	  samples	  each.	  One	  jig	  was	  used	  for	  investigating	  ZP1200	  samples	  at	  
room	  temperature	  and	  the	  second	  was	  used	  for	  testing	  at	  elevated	  temperatures	  in	  
an	   environmental	   chamber.	   Each	   position	   in	   the	   jig	   matched	   the	   recommended	  
circuit	  for	  a	  ZP1200	  detector,	  as	  shown	  in	  Figure	  5.1.	  Due	  to	  the	  ageing	  carried	  out	  at	  
125	  oC,	  every	  component	  of	  the	  jigs	  was	  selected	  to	  be	  resistant	  to	  temperatures	  of	  
up	  to	  200	  oC.	  This	   included	  the	  resistors,	  cabling	  and	  support	  board	  used	  to	  fix	  the	  
detector	  samples	  on.	  
	  
	  
Figure	  5.1:	  Circuit	  diagram	  for	  two	  detectors	  on	  each	  jig.	  All	  anode	  resistors,	  Ra,	  were	  chosen	  to	  have	  
the	  recommended	  10	  MΩ	  resistances.	  The	  cathode	  or	  measuring	  resistors,	  Rm,	  were	  selected	  to	  have	  
resistances	  of	  56	  kΩ.	  
	  
To	   carry	   out	   the	   ageing	   at	   125	   oC	   an	   environmental	   chamber	   capable	   of	   reaching	  
temperatures	   of	   up	   to	   200	   oC	   was	   used.	   It	   was	   also	   designed	   to	   provide	   enough	  
room	   for	   the	  ageing	   jig	   to	  avoid	  any	  potential	   tracking	  path	  between	   the	  detector	  
samples.	   To	   ensure	   the	   required	   temperature	   was	   achieved,	   an	   external	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Figure 2.2: The above electric circuit diagram represents the wiring of each GM detector held 
in the jigs. Rm is the measuring resistor of 56 kOhm and Ra is the 10 MOhm anode resistor for 
each Geiger 
 
 
• Environmental Chamber: 
In order to carry out the high temperature lifetime tests, an environmental 
chamber was used. It is worth noting that the currently guaranteed upper 
temperature limit for ZP1200s is at 75 oC; it is for this reason that the ageing 
jig was placed within the environmental chamber and the temperature was 
set to 120 oC. The power supply and output signal cables were then fed 
through the opening on top of the chamber (see Figure 2.3). 
 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!ZP1200!TEST!JIG!ELECTRICAL!CONECTIONS!
!
!
!
!!!!!!!!!!!!!!!Rm!1!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!Ra1!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!Tube!1!
!
!
!!!!!!!!!!!!!!Rm!2!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!Ra2!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!Tube!2!
!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! HV!supply!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!coaxial!cable!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!500volts!
!
To!PicoScope!input!1!F16!! ! ! ! ! ! Ground!on!PicoScope!
!
!
!
!
!
!
MJB!
18!1!14!
Page	  68	  	  
temperature	   regulator	   and	   thermocouple	   were	   also	   used;	   the	   accuracy	   of	   the	  
temperature	  measurements	  was	  to	  within	  ±0.5	  oC.	  
	  
In	  order	   to	  age	   the	  detectors,	   a	  multiple	  output	  power	   supply	  was	  designed.	  Each	  
output	  was	  controllable	  separately	  and	  capable	  of	  providing	  a	  stable	  voltage,	  within	  
±2	  V,	   in	   the	   range	  of	  0	  –	  800	  V.	   The	  voltage	  across	  each	  ageing	   jig	  was	   set	   at	   the	  
ZP1200	  operating	  voltage	  of	  500	  V.	  To	  monitor	  the	  starting	  voltages	  of	  the	  detectors	  
being	  aged,	  a	  digital	  PicoLog	  1212	  oscilloscope	  connected	  to	  a	  computer	  was	  used.	  
Due	  to	  the	  16-­‐input	  channel	  limit	  of	  the	  PicoLog	  oscilloscope,	  each	  jig	  with	  32	  output	  
signals	  was	   split	   into	   two	   16-­‐channel	   outputs.	   The	   PicoLog	   could	   then	   be	   used	   to	  
monitor	   the	   live	   output	   signal	   of	   up	   to	   16	   channels	   simultaneously.	   The	   detector	  
signals	  and	  Vs	  values	  were	  monitored	  for	  all	  detectors	  under	  test	  on	  a	  daily	  basis.	  
	  
The	  Auto-­‐Test	  Equipment	  (ATE)	  available	  at	  Centronic	  consists	  of	  a	  power	  supply,	  a	  
conveyor	   belt	   capable	   of	   loading	   up	   to	   50	   detectors	   and	   automation	   software	   to	  
control	   the	   test.	   Two	   detectors	   are	   tested	   simultaneously	   in	   the	   presence	   of	   the	  
radiation	   source	   and	   the	   first	   test	   carried	   out	   is	   a	   measurement	   of	   their	   starting	  
voltages.	   This	   is	   determined	   by	   recording	   the	   voltage	   at	   which	   the	   output	   signal	  
pulse	   size	   is	   consistent	   with	   the	   definition	   of	   the	   starting	   voltage	   mentioned	   in	  
Section	  3.3.3.	  To	  record	  this	  value,	  a	  voltage	  greater	  than	  the	  expected	  Vs	  is	  applied	  
to	  the	  detector	  samples.	  The	  voltage	  is	  then	  gradually	  reduced	  in	  1	  V	  intervals	  until	  
no	   more	   counts	   are	   detected.	   The	   next	   phase	   of	   the	   test	   involved	   automatically	  
increasing	   the	   applied	   voltage	   to	   the	   ZP1200	   operating	   voltage;	   the	   detector	  
operating	   count	   rates	  were	   then	  measured.	   The	  automated	   software	   then	   rotated	  
the	  conveyor	  belt	  to	  test	  the	  next	  pair	  of	  detectors;	  this	  routine	  was	  repeated	  until	  
the	  Vs	  and	  operating	  count	  rate	  of	  all	  required	  detectors	  were	  recorded.	  
	  
The	  equipment	  used	   to	  measure	  and	  record	  each	  Geiger	  plateau	  consisted	  of	  a	   jig	  
capable	   of	   testing	   a	   single	   ZP1200	   detector	   and	   a	   weaker	   Cs-­‐137	   source	   with	   an	  
activity	   of	   0.6	   GBq.	   The	   applied	   voltage	   to	   each	   detector	   was	   supplied	   by	   an	  
automated	  power	  source	  that	  performed	  a	   linear	  voltage	  sweep	  up	  to	  a	  maximum	  
value	  of	  750	  V	  over	  a	  period	  of	  180	  seconds.	  The	  corresponding	  count	  rate	  for	  every	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second	  elapsed	  was	  recorded;	  the	  raw	  data	  for	  each	  detector	  sample	  could	  then	  be	  
used	   to	   plot	   the	   Geiger	   plateau	   and	   calculate	   the	   slope	   of	   the	   plateau.	   This	  
equipment,	   referred	   to	   as	   the	   plateau	   plotter,	   was	   designed	   and	   developed	   by	  
Centronic	  Ltd.	  to	  carry	  out	  such	  measurements.	  
	  
The	   ambient	   count	   rate	   measurements	   were	   measured	   with	   the	   detectors	   once	  
again	   returned	   to	   their	   positions	   in	   the	   gamma	   cell.	   To	   obtain	   the	   required	  
information	  a	   switch	  box	  was	  also	  manufactured	   to	   study	  each	  detector	   signal	   for	  
investigation	   and	   obtain	   individual	   ambient	   count	   rates.	   A	   counter	   was	   then	  
programmed	  to	  record	  each	  pulse	  greater	  than	  100	  mV	  over	  a	  period	  of	  2	  minutes.	  	  
	  
5.5.2	   Surface	  Characterisation	  Facilities	  
The	  SEM	  system	  available	  at	  the	  University	  of	  Surrey	  is	  a	  HITACHI	  S3200N	  Scanning	  
Electron	  Microscope	  (see	  Figure	  5.2).	  
	  
	  
Figure	  5.2:	  The	  SEM/EDX	  setup	  at	  the	  University	  of	  Surrey	  used	  to	  carry	  out	  the	  investigations	  as	  part	  
of	  this	  EngD.	  
	  
Page	  70	  	  
The	   HITACHI	   S3200N	   is	   a	   SEM	   equipped	   with	   a	   large	   specimen	   chamber,	   a	   back	  
scattered	   electron	   detector	   and	   a	   variable	   pressure	   mode	   (VP-­‐SEM).	   VP-­‐SEM	   is	  
primarily	   used	   when	   examining	   any	   non-­‐conducting	   or	   ‘wet’	   samples.	   As	   the	   GM	  
detector	   components	   investigated	   were	   metallic,	   the	   SEM	   was	   operated	   in	   its	  
standard	   pressure	   mode.	   The	   S3200N	   SEM	   also	   comes	   equipped	   with	   an	   Energy	  
Dispersive	   X-­‐ray	   (EDX)	   detector	   that	   can	   be	   used	   to	   identify	   the	   elements	   present	  
within	  various	  materials.	  The	  accelerating	  voltage	  of	  the	  SEM	  was	  set	  at	  20	  kV	  for	  all	  
investigations.	  Using	  Equation	  4.3,	  an	  electron	  beam	  depth	  penetration	  of	  roughly	  1-­‐
2	  μm	  in	  steel	  samples	  can	  be	  expected	  at	  such	  energies.	  
	  
The	  Dektak	  8	  surface	  profilometer	  used	  for	  the	  surface	  analysis	  employs	  a	  contact-­‐
based	   tracking	   of	   the	   surface	   using	   a	   5	   μm	   stylus	   radius.	   By	   selecting	   a	   suitable	  
applied	   force	   of	   the	  measurement	   probe,	   the	   sample	   can	   be	   investigated	  without	  
subjecting	  it	  to	  any	  significant	  damage.	  This	  is	  also	  important	  to	  avoid	  damaging	  the	  
equipment	  itself.	  The	  applied	  stylus	  force	  was	  selected	  by	  setting	  the	  stylus	  mass	  to	  
3.0	  mg.	  As	  the	  surface	  profilometer’s	  probe,	  or	  stylus,	  moves	  across	  the	  surface	  of	  a	  
sample,	  any	  small	  vertical	  displacements	  can	  be	  recorded	  as	  a	  function	  of	  position	  to	  
produce	  a	  map	  of	  the	  surface.	  Typical	  profilometers	  can	  measure	  variations	  ranging	  
from	  a	  few	  nanometers	  up	  to	  a	  few	  millimeters;	  the	  Dektak	  equipment	  used	  has	  a	  
specified	   range	   of	   5	   nm	   to	   1	  mm,	   with	   sample	   sizes	   of	   up	   to	   20	   cm	   in	   diameter	  
capable	  of	  being	  investigated.	  Because	  the	  mapping	  resolution	  is	  often	  compromised	  
when	  studying	  larger	  samples,	  the	  scanning	  range	  is	  usually	  kept	  under	  several	  mm	  
to	   save	   time.	   For	   the	   investigations	   carried	   out,	   each	   scan	  was	   carried	   out	   over	   1	  
mm.	  The	  scanning	  resolution	  was	  set	  at	  0.26	  μm/sample,	  such	  that	  a	  total	  of	  3900	  
readings	  were	  recorded	  per	  analysis.	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6.	   Important	  Considerations	  in	  Detector	  Production	  
6.1	   Structure	  of	  Chapter	  
This	  chapter	  will	  present	  the	  research	  carried	  out	  concerning	  the	  development	  and	  
assembly	   of	   gas-­‐filled	   radiation	   detectors;	   it	   will	   also	   discuss	   research	   on	   the	  
elimination	  of	  contaminants.	  Section	  6.2	  will	  discuss	  work	  that	  was	  carried	  out	  on	  a	  
novel	   neutron	   radiation	   detector	   in	   collaboration	   with	   the	   Insitut	   Laue-­‐Langevin	  
(ILL).	  Section	   6.3	  will	   then	  discuss	   several	   considerations	   taken	   into	   account	  when	  
preparing	  the	  investigatory	  Geiger-­‐Müller	  samples	  at	  Centronic	  Ltd.	  
	  
6.2	   Design	  of	  Gas-­‐Filled	  Radiation	  Detectors	  
To	  better	  understand	  the	  processes	  carried	  out	  in	  the	  development	  and	  designing	  of	  
gas-­‐filled	   radiation	   detectors,	   a	   collaboration	   project	   was	   planned	   between	  
Centronic	   and	   the	   ILL.	   Initially,	   work	   was	   carried	   out	   on	   a	   multi-­‐tube	   gas-­‐filled	  
radiation	  detector	  operating	  as	  a	  neutron	  proportional	  counter.	  This	  novel	  detector	  
consisted	   of	   a	   large	  metal	   frame,	   into	  which	   a	   series	   of	   identical	   tubes	   had	   been	  
machined;	  the	  detector	  casing	  itself	  serves	  as	  the	  cathode	  for	  each	  of	  the	  individual	  
tubes.	  A	  thin	  anode	  wire	  is	  then	  fitted	  through	  each	  tube	  to	  serve	  as	  the	  anode.	  	  
	  
In	  order	  to	  begin	  assembling	  any	  gas-­‐filled	  radiation	  detector,	  it	  is	  necessary	  to	  verify	  
that	  the	  individual	  components	  for	  the	  final	  build	  are	  as	  required.	  That	  is,	  it	  is	  vital	  to	  
determine	   that	   all	   components	   are	   developed	   with	   great	   care	   and	   to	   meet	   the	  
desired	   design.	   Any	   small	   deviations	   from	   the	   selected	   design	   of	   the	   components	  
may	  lead	  to	  more	  significant	  problems	  in	  the	  operation	  of	  the	  detector.	  For	  example,	  
if	  the	  anode	  wires	  are	  not	  well	  aligned	  in	  the	  centre	  of	  the	  tube,	  this	  will	  affect	  the	  
uniformity	  of	  the	  electric	  field	  that	  is	  present	  between	  the	  particular	  tube’s	  walls	  and	  
the	   corresponding	   anode	   wire.	   This,	   in	   turn,	   is	   found	   to	   compromise	   the	  
performance	   of	   the	   detector.	   Another	   important	   concept	   to	   keep	   in	   mind	  
throughout	   the	  development	  procedure	  of	   such	   gas-­‐filled	   radiation	  detectors	   is	   to	  
protect	  each	  of	  the	  individual	  components	  and	  aspects	  of	  the	  detector	  to	  avoid	  the	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potential	   risk	   of	   damaging	   and	   thus	   limiting	   the	   detection	   capabilities	   of	   the	  
detector.	  This	  was	  particularly	  apparent	  for	  gas-­‐filled	  detector	  designs	  with	  very	  little	  
distances	   between	   the	   internal	   components.	   A	   scratch	   between	   the	   anode	   wire	  
receptacles	  has	  been	  found	  to	  cause	  tracking	  paths	  that	  prevent	  the	  detector	  from	  
operating	   as	   required.	   This	  was	   also	  witnessed	   in	   single	   anode	   gas-­‐filled	  detectors	  
that	  had	  undesirable	  tracking	  paths	  between	  the	  cathode	  and	  anode.	  
	  
One	  design	  consideration	  vital	  to	  the	  successful	  operation	  of	  radiation	  detectors	  was	  
to	   isolate	   and	   support	   the	   individual	   components	   from	   each	   other.	   If	   any	  
components	  were	  to	  come	  loose	  with	  the	  detector	  sealed	  and	  ready	  to	  be	  operated,	  
the	  detector	  will	  be	  incapable	  of	  operating	  to	  its	  original	  design.	  On	  one	  occasion,	  a	  
loose	  anode	  wire	  was	  observed	   to	  drift	   towards	   its	   cathode	  as	   a	  high	   voltage	  was	  
applied.	  This	  not	  only	  caused	  that	  particular	  detector	  to	  operate	  unsatisfactorily	  due	  
to	   spurious	   counting,	  but	   it	   also	   lead	   to	   significant	  audible	   sparking.	   Such	   sparking	  
can	  cause	  significant	  damage	  to	  the	  detector	  electronics	  and	  must	  be	  avoided.	  
	  
Another	  characteristic	  to	  be	  considered	   in	  detector	  design	   is	   the	  positioning	  of	  the	  
anode	  wire	  with	  respect	  to	  its	  cathode.	  Some	  gas-­‐filled	  detectors	  have	  dimensions	  in	  
the	  order	  of	  several	  centimetres.	  In	  such	  cases,	  maintaining	  an	  anode	  wire	  perfectly	  
centralised	  within	   the	  cathode	  tube	   is	  easier	   to	  control.	  Other	  detectors,	  however,	  
extend	  up	  to	  lengths	  of	  a	  few	  metres;	  more	  complex	  and	  intricate	  wiring	  techniques	  
were	  developed.	  As	   the	  anode	   is	   the	  basis	  of	   the	   signal	   collection	  within	   radiation	  
detectors,	   it	   is	   also	   essential	   that	   they	   are	   mounted	   carefully	   and	   successfully	   to	  
ensure	  the	  proper	  operation	  of	  the	  detector	  tubes.	  If	  any	  kinks	  or	  bends	  are	  present	  
across	   the	   length	   of	   the	   wire,	   the	   electric	   field	   present	   within	   the	   tube	   will	   be	  
compromised	   and	   affect	   the	   performance	   of	   the	   detector.	   Dust	   particles	   trapped	  
within	  the	  detector	  can	  contribute	  to	  this	  effect.	  A	  large	  dust	  particle	  present	  within	  
the	  detector	  can	  burn	  off	   in	  the	  presence	  of	  the	  high	  voltage	  (>	  2500	  V).	  The	   large	  
spark	   associated	  with	   this	   phenomenon	   can	   cause	   significant	   damage	   to	   the	   very	  
thin	  anodes	  for	  each	  detector	  tube	  in	  the	  assembly.	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For	   some	   detectors,	   such	   as	   for	   certain	  Geiger-­‐Müller	   detectors,	   the	   anode	   is	   not	  
selected	  to	  be	  a	  wire	  but	  is	  instead	  a	  thin	  solid	  metallic	  rod.	  While	  such	  anodes	  will	  
tend	  to	  be	  more	  resistant	  to	  kinks	  and	  bends,	   it	   is	  still	  vital	   to	  ensure	  the	  anode	   is	  
supported	  in	  the	  centre	  of	  the	  corresponding	  cathode.	  
	  
In	  addition	  to	  verifying	  the	  condition	  of	  the	  detector	  components,	   it	   is	  also	  vital	   to	  
ensure	   the	   absence	   of	   any	   contaminants	   present	   within	   the	   detector.	   The	   most	  
efficient	   method	   of	   cleaning	   a	   detector’s	   metallic	   components	   is	   to	   have	   them	  
submerged	  in	  an	  ultra-­‐sonic	  bath	  filled	  with	  a	  cleaning	  solvent;	  the	  solvent	  can	  vary,	  
with	   distilled	   water	   being	   commonly	   used.	   However,	   in	   the	   case	   of	   very	   large	  
detectors	  similar	  to	  the	  one	  being	  worked	  on,	  finding	  similarly	  large	  ultra-­‐sonic	  baths	  	  
becomes	  difficult	  and,	  thus,	  they	  are	  typically	  only	  used	  for	  the	  smaller	  components.	  
Other	  cleaning	  processes	  are	   thus	   implemented	  using	  specially	  designed	   tools	   (see	  
Figure	  6.1)	  to	  eliminate	  any	  contaminants	  present.	  
	  	  
	  
Figure	  6.1:	  A	  long,	  soft	  brush	  designed	  for	  use	  with	  an	  ethanol	  cleaning	  solvent	  to	  clean	  the	  internal	  
cathode	  surfaces	  of	  a	  large	  multi-­‐tube	  gas-­‐filled	  radiation	  detector.	  
	  
After	  attaining	  a	  satisfactory	  level	  of	  cleanliness,	  the	  final	  stage	  in	  the	  development	  
of	  a	  detector	  is	  its	  assembly.	  This	  process	  requires	  a	  significant	  amount	  of	  care	  and	  
preparation	  to	  ensure	  that	  the	  final	  product	  operates	  as	  required.	  Several	  important	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considerations	  were	  noted	  during	  the	  assembly	  of	  the	  multi-­‐wire	  detector	  as	  part	  of	  
the	  ILL	  collaboration.	  
	  
After	   the	   assembly	   of	   gas-­‐filled	   radiation	   detectors,	   the	   detectors	   must	   then	   be	  
properly	   sealed;	   because	   they	   are	   under	   high	   vacuum	   but	   for	   the	   fill	   gas,	   it	   is	  
important	   that	   nothing	   leaks	   into	   the	   detector	   assembly.	   Various	   sealing	  methods	  
can	   be	   carried	   out	   depending	   on	   the	   design	   of	   the	   detector.	   Larger	   gas-­‐filled	  
detectors	   can	   use	   a	   rubber	   o-­‐ring	   covered	   in	   vacuum	   grease.	   For	   a	   GM	   detector,	  
however,	  such	  a	  seal	  would	  be	  incompatible	  with	  the	  highly	  reactive	  halogen	  quench	  
gas;	  hence,	  a	  glass	  seal	  is	  used.	  
	  
Before	   filling	  any	  gas-­‐filled	  detector	  with	   its	   required	   fill	  gas,	  a	  process	  essential	   in	  
eliminating	  any	  trapped	  contaminants	  within	  the	  materials	  must	  be	  carried	  out;	  this	  
is	  known	  as	  the	  outgassing	  of	  the	  detector.	  This	  process	  involved	  placing	  and	  heating	  
the	  completed	  detector	  assembly	   in	  a	  suitably	  sized	  vacuum	  oven	  to	  drive	  out	  any	  
contaminants	   or	   moisture.	   Moisture	   is	   a	   highly	   undesirable	   contaminant	   in	   all	  
aspects	  of	  gas-­‐filled	  detector	  design	  as	   it	  can	   interact	  with	  certain	  gas	  components	  
and	  form	  tracking	  paths	  within	  the	  detector.	  The	  time	  that	  the	  outgassing	  procedure	  
is	   carried	   out	   depends	   on	   the	   size	   of	   the	   detector;	   the	   large	   ILL	   detector	   was	  
outgassing	   for	   several	  weeks,	  whereas	   significantly	   smaller	   GM	  detectors	   are	   only	  
outgassed	  over	  a	  period	  of	  hours.	  
	  
During	   the	   testing	  phase	  of	   the	   ILL	  detector	  assembly,	   the	   impact	  of	  moisture	  and	  
dust	  was	  also	  witnessed	  across	  the	  external	  circuitry.	  Due	  to	  the	  very	  high	  voltages	  
operating	   the	  detector,	  moisture	  present	   on	   the	   exposed	  electronics	   cards	   caused	  
continuous	  sparking	  on	  the	  detector’s	  output	  channels.	   In	  order	   to	  rectify	   this,	   the	  
moisture	  was	  driven	  off	  with	  heat	  and	  all	  the	  detector	  electronics	  were	  sealed	  in	  a	  
moisture-­‐free	  enclosure.	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6.3	   Design	  of	  Geiger-­‐Müller	  Detectors	  
While	  the	  ILL	  collaboration	  involved	  work	  on	  a	  proportional	  counter,	  the	  conclusions	  
drawn	   from	   the	   research	   can	   be	   applied	   to	   gas-­‐filled	   radiation	   detectors	   more	  
generally.	  Before	  studying	  the	  protective	  processes	  selected	  for	  investigation,	  it	  was	  
first	  necessary	  to	  consider	  the	  cleanliness	  of	  the	  individual	  detector	  components.	  To	  
ensure	  no	  contaminants	  were	  present,	  every	  component	  was	  degreased	  and	  cleaned	  
in	   an	   ultrasonic	   bath.	   The	   cathodes	   of	   any	   plated	   or	   passivated	   detectors	   were	  
processed	   as	   required,	   before	   then	   being	   cleaned	   again	   to	   eliminate	   any	   residual	  
contamination.	  
	  
After	  ensuring	  all	  the	  surface	  components	  were	  cleaned,	  the	  components	  were	  then	  
placed	   in	   a	   vacuum	   oven	   to	   carry	   out	   an	   outgassing	   process	   before	   assembly.	   To	  
avoid	  any	  poor	  performance	  in	  the	  final	  samples,	  it	  was	  important	  to	  ensure	  that	  the	  
anode	  was	  centralised	  within	  the	  cathode	  tube.	  Due	  to	  their	  relative	  sturdiness,	  the	  
GM	  detector	  anodes	  are	  less	  susceptible	  to	  kinks	  and	  bends;	  nevertheless,	  great	  care	  
was	   taken	   to	   ensure	   that	   the	   components	   were	   assembled	   in	   good	   condition.	   To	  
isolate	   the	   anode	   and	   cathode	   of	   the	   detectors,	   a	   non-­‐conductive	   glass	   seal	   was	  
used.	  With	   the	  detectors	  assembled,	   they	  are	   then	   loaded	  onto	  a	  pump	  system	  to	  
introduce	  the	  required	  fill-­‐gas	  mixtures.	  
	  
A	   final	   consideration	   that	   required	   investigating	   was	   the	   cleanliness	   of	   the	   pump	  
system	   used.	   For	   the	   purposes	   of	   the	   EngD	   investigations,	   the	   pump	   system	   was	  
thoroughly	   cleaned	   to	   significantly	   reduce	   the	   chance	   of	   introducing	   any	  
contaminants.	   Such	   cleaning	   processes	   are	   typically	   introduced	   routinely	   in	   the	  
manufacture	  of	  such	  detectors.	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7.	   Geiger-­‐Müller	  Operational	  Parameter	  Changes	  with	  Age	  
7.1	   Structure	  of	  Chapter	  
This	  chapter	  will	  present	  the	  results	  obtained	  when	  ageing	  the	  ZP1200	  Geiger-­‐Müller	  
detector	  samples.	  In	  all	  cases,	  the	  three	  detector	  types	  (plated,	  passivated	  and	  raw)	  
and	  two	  temperatures	  of	  interest	  (room	  temperature	  and	  125	  oC)	  will	  be	  discussed.	  
Section	  7.2	  will	  discuss	  any	  changes	   in	   the	   starting	  voltage	   (Vs)	   that	  will	   suggest	  a	  
change	   in	   the	   quantity	   of	   quench	   gas	   present.	   Section	   7.3	   will	   then	   display	   the	  
characteristic	   Geiger	   plateau	   plots	   and	   plateau	   slopes	   measured	   for	   all	   samples	  
under	  test.	  From	  these	  parameters,	  it	  will	  be	  possible	  to	  discuss	  the	  effectiveness	  of	  
each	  protection	  process	  on	  the	  lifetime	  performances	  of	  the	  GM	  detectors.	  Finally,	  
Section	   7.4	   will	   present	   the	   detector	   operating	   count	   rate	   and	   ambient	   operating	  
count	  rate	  measurements	  with	  detector	  age	  that	  highlight	   the	  counting	  stability	  of	  
the	  samples	  over	  their	   lifetimes.	  The	  chapter	  will	  conclude	  with	  Section	  7.5,	  which	  
will	   summarise	   all	   the	   findings	   for	   the	   operational	   parameters	   of	   the	   different	  
detector	  types	  investigated.	  
	  
7.2	   Starting	  Voltage	  Measurements	  
A	  complete	  set	  of	  Vs	  readings	  was	  recorded	  for	  all	  samples	  studied	  before	  the	  ageing	  
process	   commenced	   to	   provide	   a	   baseline	   measurement.	   The	   values	   shown	  
throughout	  this	  section	  were	  all	   recorded	  using	  the	  ATE	  available	  at	  Centronic	  Ltd.	  
The	  measurement	  uncertainty	  for	  each	  individual	  Vs	  reading	  is	  ±2	  volts.	  The	  detector	  
samples	  aged	  at	  room	  temperature	  accumulated	  a	  total	  of	  5.7	  x	  1010	  counts,	  while	  
the	  samples	  aged	  at	  125	  oC	  only	  accumulated	  a	  total	  of	  3.3	  x	  1010	  counts.	  The	  lower	  
count	  accumulation	  for	  the	  samples	  at	  125	  oC	  is	  due	  to	  the	  lower	  dose	  rates	  in	  the	  
environmental	   chamber.	   It	   can	   be	   noted	   that	   the	   total	   counts	   accumulated	   are	  
determined	  from	  the	  average	  count	  rates	  and	  ageing	  time	  of	  the	  detector	  samples	  at	  
each	  temperature.	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7.2.1	   Plated	  Detector	  Samples	  
The	  plated	  ZP1200	  detector	  samples	  held	  at	  room	  temperature	  had	  their	  Vs	  readings	  
monitored	   with	   increasing	   age.	   The	   Vs	   value	   was	   measured	   for	   each	   sample	   at	  
regular	  ageing	  intervals	  to	  investigate	  any	  changes.	  At	  each	  detector	  age	  considered,	  
the	  Vs	  readings	  were	  averaged	  across	  all	  the	  samples	   investigated.	  This	   is	  also	  true	  
for	  all	   future	  Vs	  plots	  to	  be	  shown	  in	  Section	  7.2.	  The	  obtained	  average	  results	   for	  
the	  plated	  detectors	  aged	  at	  room	  temperature	  are	  shown	  in	  Figure	  7.1.	  
	  	  
	  
Figure	   7.1:	   Average	   starting	   voltages	   with	   age	   for	   the	   plated	   ZP1200	   detector	   samples	   at	   room	  
temperature.	  
	  
For	   all	   plated	   detector	   samples	   investigated	   at	   room	   temperature,	   the	   Vs	   values	  
were	   found	   to	   gradually	   increase	   over	   approximately	   the	   first	   2.8	   x	   1010	   counts	  
accumulated.	  Any	  counts	  accumulated	  after	   this	   initial	  period	   showed	  more	   stable	  
Vs	  readings	  that	  remained	  unchanged.	  The	  average	  increase	  in	  the	  Vs	  values	  for	  the	  
plated	   samples	   was	   calculated	   to	   be	   (13.2	   ±	   0.7)	   V.	   While	   an	   increase	   in	   the	   Vs	  
measurements	   was	   unexpected,	   the	   acquired	   results	   suggested	   the	   observed	  
phenomenon	   stopped	   after	   an	   initial	   conditioning	   period.	   The	   origin	   of	   such	   a	  
change	   is	   unknown;	   however,	   it	   is	   assumed	   to	   be	   as	   the	   result	   of	   the	   gradual	  
outgassing	  of	   some	   residual	   contamination	  within	   the	  detectors.	  An	   increase	   in	  Vs	  
signifies	  a	  larger	  quantity	  of	  quench	  gas,	  as	  discussed	  in	  Section	  3.3.3.	  As	  such,	  the	  
contaminant	  must	  also	  be	  able	  to	  act	  as	  a	  quench	  gas.	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Another	   notable	   observation	   was	   a	   noticeable	   spread	   in	   the	   recorded	   Vs	   values	  
across	  the	  plated	  detector	  samples	  studied.	  Considering	  the	  starting	  values	  of	  the	  Vs	  
measurements,	  the	  standard	  deviation	  was	  found	  to	  be	  8	  V.	  This	  variation	  is	  thought	  
to	  be	  a	  consequence	  of	  the	  chromium	  plating	  process.	  It	  can	  also	  be	  noted	  that	  the	  
Vs	  change	  of	  all	  the	  plated	  samples	  seem	  to	  behave	  in	  a	  similar	  fashion	  irrespective	  
of	  the	  spread	  in	  their	  initial	  values.	  
	  
The	  plated	  ZP1200	  GM	  detectors	  at	  125	  oC	  also	  had	  their	  Vs	  readings	  monitored	  with	  
increasing	   age.	   The	   calculated	   average	   Vs	   values	   at	   different	   ageing	   intervals	   are	  
shown	  in	  Figure	  7.2.	  
	  
	  
Figure	  7.2:	  Starting	  voltages	  measured	  with	  age	  for	  the	  plated	  ZP1200	  detector	  samples	  at	  125	  oC.	  	  
	  
The	  125	  oC	  plated	  samples	  also	  exhibited	  an	  initial	  rise	  in	  their	  Vs	  values.	  However,	  
unlike	   the	   samples	   aged	   at	   room	   temperature,	   the	   Vs	   rise	  was	   found	   to	   be	  more	  
rapid.	  That	  is,	  after	  only	  0.2	  x	  1010	  counts	  were	  accumulated,	  the	  Vs	  readings	  did	  not	  
increase	  any	  further.	  This	  finding	  suggests	  that	  the	  initial	  conditioning	  period	  is	  also	  
impacted	   by	   temperature.	  When	   studying	   the	   Vs	   changes	   at	   125	   oC,	   the	   average	  
change	  across	  the	  GM	  detector	  samples	  was	  calculated	  as	  an	  increase	  of	  (3.3	  ±	  0.7)	  
V.	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The	  spread	  in	  Vs	  values	  for	  the	  different	  samples	  was	  again	  noticeable.	  The	  standard	  
deviation	  when	  considering	  the	  starting	  position	  for	  each	  detector	  was	  found	  to	  be	  9	  
V.	  This	  spread	   is	  comparable	  to	  the	  deviation	  measured	  for	   the	  room	  temperature	  
plated	  samples	  used.	  As	  the	  samples	  used	  for	  both	  ageing	  temperatures	  were	  taken	  
from	   the	   same	   production	   batch,	   this	   was	   expected.	   Again,	   the	   spread	   did	   not	  
appear	  to	  have	  any	  impact	  on	  the	  Vs	  changes	  for	  each	  individual	  sample.	  
	  
7.2.2	   Passivated	  Detector	  Samples	  
To	  study	  the	  impact	  of	  the	  passivation	  protective	  process,	  several	  passivated	  ZP1200	  
GM	  detectors	  were	  aged	  alongside	  the	  plated	  detectors	  at	  room	  temperature.	  The	  
Vs	   readings	   were	   recorded	   for	   each	   detector	   with	   increasing	   age	   to	   obtain	   the	  
average	  results	  shown	  in	  Figure	  7.3.	  
	  
	  
Figure	   7.3:	   Starting	   voltages	   with	   age	   for	   the	   passivated	   ZP1200	   detector	   samples	   at	   room	  
temperature.	  
	  
All	   room	   temperature	   passivated	   detector	   samples	  were	   shown	   to	   exhibit	   a	   slight	  
drop	  in	  their	  Vs	  values;	  however,	  this	  trend	  only	  seemed	  to	  exist	  over	  approximately	  
the	  first	  0.2	  x	  1010	  counts	  accumulated.	  	  The	  changes	  in	  the	  Vs	  measurements	  with	  
age	  were	  found	  to	  produce	  an	  average	  drop	  of	  (1.8	  ±	  0.3)	  V.	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The	   spread	   among	   the	   passivated	   Vs	   readings	   was	   noticeably	   less	   than	   that	  
witnessed	   for	   the	   plated	   detectors.	   The	   calculated	   standard	   deviation	   across	   the	  
starting	  Vs	  for	  these	  passivated	  samples	  was	  found	  to	  be	  3	  V.	  
	  
Any	  changes	  in	  the	  Vs	  values	  of	  passivated	  detectors	  were	  also	  investigated	  for	  the	  
samples	  held	  at	  125	  oC.	  The	  averages	  of	  the	  Vs	  measurements	  taken	  with	  increasing	  
age	  are	  shown	  in	  Figure	  7.4.	  
	  
	  
Figure	  7.4:	  Starting	  voltages	  measured	  with	  age	   for	   the	  passivated	  ZP1200	  detector	  samples	  at	  125	  
oC.	  
	  
The	  acquired	  plots	  showed	  a	  general	  drop	   in	  the	  Vs	  measurements	  with	   increasing	  
age	  at	  125	  oC.	  The	  average	  change	  across	  the	  samples	  investigated	  was	  calculated	  to	  
be	  a	  drop	  of	  (11	  ±	  1)	  V.	  As	  changes	  in	  Vs	  are	  closely	  linked	  to	  the	  amount	  of	  quench	  
gas	  present	  (from	  [28	  –	  S.	  Liebson	  and	  H.	  Friedman]),	  it	  can	  be	  suggested	  that	  these	  
samples	  have	  suffered	  a	  reduction	  in	  their	  bromine	  quench	  gas.	  This	  drop	  in	  the	  Vs	  
readings	  thus	  shows	  evidence	  of	  quench	  gas	  depletion	  in	  passivated	  detectors	  at	  125	  
oC.	  
	  
The	  spread	  of	  the	  Vs	  values	  was	  again	  noticeably	  lower	  for	  these	  passivated	  detector	  
samples	   when	   compared	   to	   the	   plated	   samples.	   Similar	   to	   those	   aged	   at	   room	  
temperature,	  the	  standard	  deviation	  of	  the	  Vs	  measurements	  for	  the	  passivated	  GM	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detectors	   aged	   at	   125	   oC	   was	   found	   to	   be	   3	   V.	  While	   some	   passivated	   detectors	  
showed	  a	  greater	  drop	  in	  Vs	  over	  the	  3.3	  x	  1010	  counts	  accumulated,	  this	  difference	  
did	  not	  seem	  to	  be	  related	  to	  their	  starting	  Vs	  values.	  
	  
7.2.3	   Raw	  Detector	  Samples	  
Raw	   GM	   detector	   samples	   prepared	   using	   the	   third	   protective	   process	   were	   also	  
investigated	  for	  changes	  in	  their	  Vs	  readings	  with	  age.	  The	  samples	  fitted	  in	  the	  same	  
room	   temperature	   jig	   used	   to	   age	   all	   other	   ZP1200	   samples	   were	   investigated	   at	  
regular	  intervals.	  The	  average	  Vs	  values	  with	  age	  are	  shown	  in	  Figure	  7.5.	  
	  
	  
Figure	  7.5:	  Starting	  voltages	  with	  age	  for	  the	  raw	  ZP1200	  detector	  samples	  at	  room	  temperature.	  
	  
The	  Vs	   values	   for	   the	   raw	  detectors	   at	   room	   temperature	   showed	  no	   evidence	   of	  
change	   as	   they	   were	   aged.	   That	   is,	   the	   Vs	   readings	   remained	   constant,	   within	  
measurement	   uncertainty,	   throughout	   the	   ageing	   process.	   On	   average,	   the	  
detectors	  showed	  a	  Vs	  increase	  of	  (2.1	  ±	  0.7)	  V.	  As	  this	  variation	  is	  still	  possibly	  just	  
within	   the	  measurement	  uncertainty	  of	  ±	  2	  V,	   it	   can	  be	   said	   that	   the	   raw	  samples	  
show	  no	  significant	  changes	  in	  their	  Vs	  readings	  at	  room	  temperature.	  
	  
The	  spread	  of	  the	  Vs	  measurements	  was	  also	  recorded	  and	  the	  standard	  deviation	  in	  
the	   initial	  Vs	  of	  the	  raw	  samples	  was	  found	  to	  be	  only	  2	  V.	  Of	  the	  three	  protective	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processes	  considered,	  the	  raw	  detector	  samples	  produced	  the	  detector	  samples	  with	  
the	  most	  consistent	  readings.	  The	  variations	  in	  the	  raw	  Vs	  values	  were	  not	  found	  to	  
have	  any	  impact	  on	  the	  parameter	  changes	  over	  the	  ageing	  period.	  
	  
The	  impact	  of	  high	  temperatures	  on	  the	  raw	  detector	  samples	  was	  then	  considered.	  
At	   125	   oC,	   the	   raw	   GM	   detectors	   were	   aged	   and	   had	   their	   Vs	   measurements	  
routinely	  monitored.	  The	  obtained	  results	  are	  shown	  in	  Figure	  7.6.	  
	  
	  
Figure	  7.6:	  Starting	  voltages	  measured	  with	  age	  for	  the	  raw	  ZP1200	  detector	  samples	  at	  125	  oC.	  The	  
uncertainty	  in	  each	  measurement	  is	  ±2	  volts.	  
	  
The	  general	   trend	   for	   the	   raw	  detector	   samples	  aged	  at	  125	   oC	  was	   found	   to	  be	  a	  
gradual	  decrease	  in	  the	  Vs	  readings	  as	  more	  counts	  were	  accumulated.	  The	  average	  
change	  in	  Vs	  values	  for	  all	  raw	  samples	  aged	  at	  125	  oC	  was	  measured	  to	  be	  a	  drop	  of	  
(4.9	   ±	   0.7)	   V.	   This	   drop	  was	   less	   significant	   than	   that	   observed	   for	   the	   passivated	  
samples	  aged	  at	  the	  same	  temperature.	  However,	  a	  notable	  drop	  in	  their	  Vs	  readings	  
suggests	   that	   the	  raw	  detector	  samples	  at	  125	  oC	  also	  suffer	  a	   loss	  of	   the	  bromine	  
quench	  gas	  held	  within	  them.	  
	  
The	  Vs	  spread	  values	  for	  the	  125	  oC	  raw	  samples	  was	  again	  found	  to	  be	  relatively	  low	  
when	  compared	  to	  the	  other	  types	  of	  ZP1200	  samples;	  the	  standard	  deviation	  was	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calculated	   to	   be	   3	   V.	   The	   differences	   in	   the	   starting	   Vs	   values	   also	   showed	   no	  
correlation	  to	  their	  corresponding	  Vs	  changes	  as	  more	  counts	  were	  accumulated.	  
	  
7.3	   Geiger	  Plateau	  Plot	  Measurements	  
The	   Geiger	   plateau	   is	   another	   parameter	   that	   can	   be	  monitored	   to	   obtain	   useful	  
information	  regarding	  the	  lifetime	  performance	  of	  GM	  detectors.	  In	  order	  to	  record	  
the	  plateaus	   for	   the	  detector	   samples	  under	   investigation,	  Centronic	  Ltd.’s	  plateau	  
plotter	  was	  used.	  In	  order	  to	  have	  a	  set	  of	  baseline	  measurements,	  the	  plateaus	  for	  
all	  detector	  samples	  to	  be	  investigated	  at	  both	  temperatures	  were	  recorded	  early	  on	  
after	  accumulating	  only	  1.4	  x	  1010	  counts	  at	  room	  temperature	  and	  1.1	  x	  1010	  counts	  
at	   125	   oC.	   While	   the	   samples	   were	   aged	   at	   different	   temperatures,	   all	   plateau	  
measurements	  were	  carried	  out	  at	  room	  temperature.	   It	  should	  also	  be	  noted	  that	  
differences	  in	  the	  count	  rates	  for	  plateaus	  recorded	  at	  different	  ageing	  intervals	  are	  
due	  to	  statistical	  error	  and	  slight	  differences	  in	  the	  position	  of	  the	  radiation	  source.	  
Plateau	  plots	  for	  each	  individual	  detector	  were	  also	  recorded	  roughly	  for	  every	  1.0	  x	  
1010	  accumulated	  counts	  at	  room	  temperature	  and	  0.6	  x	  1010	  accumulated	  counts	  at	  
125	  oC.	  However,	  only	  the	  plateaus	  acquired	  at	  the	  start	  of	  the	  ageing	  process	  and	  at	  
the	  end	  will	  be	  displayed.	  
	  
The	   Geiger	   plateau	   can	   provide	   an	   effective	   visual	   representation	   of	   the	  
performance	  for	  a	  GM	  detector.	  However,	  the	  plateau	  slope	  can	  be	  extracted	  from	  
each	  plot	  to	  provide	  a	  more	  quantitative	  analysis	  of	  the	  plateau	  flatness.	  This	  slope	  is	  
calculated	  by	  using	  linear	  regression	  to	  measure	  the	  change	  in	  count	  rates	  per	  unit	  
volt	  across	  the	  plateau	  region.	  For	  all	  detector	  samples	  studied,	  the	  plateau	  region	  
was	   considered	   to	   be	   between	   voltages	   of	   400	   V,	   which	   is	   far	   enough	   from	   the	  
plateau	   threshold	   shown	   in	  Figure	   3.7	   to	  be	   considered	   in	   the	   flat	   plateau	   region,	  
and	  750	  V.	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7.3.1	   Plated	  Detector	  Samples	  
At	  different	   ageing	   intervals,	   a	   set	  of	  Geiger	  plateau	  plots	  were	   recorded	   for	   each	  
plated	  detector	  under	  investigation	  at	  room	  temperature.	  The	  plateaus	  for	  the	  aged	  
detectors	  early	  on	  in	  their	  operational	  lifetimes	  are	  shown	  in	  Figure	  7.7	  (a).	  
	  
	   	  
Figures	  7.7:	  The	  above	  plateau	  plots	  have	  been	  taken	  for	  the	  room	  temperature	  plated	  detectors	  ,	  (a)	  
-­‐	  after	  accumulating	  1.4	  x	  1010	  counts	  ,	  (b)	  –	  the	  end	  of	  the	  ageing	  period	  after	  accumulating	  5.7	  x	  1010	  
counts.	  
	  
All	  plated	  GM	  detectors	   investigated	  at	   room	  temperature	  were	   found	   to	  produce	  
flat	  plateaus	  that	  surpassed	  the	  750	  V	  upper	  limit,	  with	  an	  average	  slope	  of	  (0.14	  ±	  
0.02)	   cps	   per	   V.	   The	   quality	   of	   a	   plateau	   is	   measured	   in	   terms	   of	   its	   length	   and	  
stability;	   both	   of	   these	   characteristics	   were	   witnessed	   in	   the	   obtained	   results.	   To	  
measure	  the	  impact	  of	  age	  on	  the	  performance	  of	  these	  detectors,	  these	  plots	  were	  
then	   compared	   with	   the	   Geiger	   plateaus	   recorded	   after	   accumulating	   5.7	   x	   1010	  
counts	  at	  room	  temperature.	  These	  results	  are	  shown	  in	  Figure	  7.7	  (b).	  
	  	  
The	  aged	  plated	  detectors	  similarly	  produced	  plateau	  plots	  with	  flat	  plateau	  regions	  
that	   extended	   beyond	   the	   upper	   voltage	   limit.	   No	   changes	   were	   observed	   in	   the	  
shapes	  or	  lengths	  of	  the	  plateaus	  with	  age,	  with	  an	  average	  slope	  of	  (0.17	  ±	  0.01)	  cps	  
per	  V.	  As	  the	  Geiger	  plateau	  is	  a	  measure	  of	  the	  performance	  of	  a	  GM	  detector,	  this	  
result	  suggests	  that	  no	  plated	  samples	  have	  been	  affected	  by	  the	  room	  temperature	  
ageing	  process.	  However,	  a	  noticeable	  change	  was	  observed	  in	  the	  starting	  position	  
of	   the	   plots	   all	   the	   detector	   samples.	   This	   agrees	   well	   with	   the	   rise	   in	   Vs	   values	  
discussed	  in	  Section	  7.2.1.	  While	  the	  starting	  point	  where	  counts	  begin	  to	  register	  on	  
a	  Geiger	  plateau	   is	  closely	  related	  to	  the	  detector’s	  Vs	  value,	  the	  two	  concepts	  are	  
(a)	   (b)	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not	  identical.	  The	  differences	  arise	  primarily	  as	  a	  function	  of	  circuit	  design;	  because	  
the	  plateau	  plotting	   equipment	  has	   a	  higher	  pulse	   threshold,	   the	   starting	   voltages	  
are	   higher	   than	   those	   recorded	   from	   the	   ATE.	   The	   two	   readings	   are,	   however,	  
expected	   to	   follow	   a	   similar	   trend.	   This	   was	   found	   to	   be	   the	   case	   for	   the	   plated	  
detector	   samples	   aged	   at	   room	   temperature;	   the	   spread	   in	   the	   plateau	   starting	  
positions	  also	  replicated	  the	  spread	  in	  the	  detectors’	  Vs	  values.	  
	  
The	   plateau	   slopes	   of	   the	   plated	   detectors	   at	   room	   temperature	  were	   considered	  
individually	   to	   quantify	   any	   changes	   in	   the	   detector	   performance	  with	   age.	   These	  
results	   were	   extracted	   from	   plateau	   plots	   at	   different	   intervals	   throughout	   the	  
ageing	  process.	  The	  calculated	  slope	  values	  are	  shown	  in	  Figure	  7.8.	  
	  	  
	  
Figure	   7.8:	   Plateau	   slope	   values	   for	   plated	   ZP1200	  Geiger	   samples	   aged	  at	   room	   temperature.	   The	  
uncertainty	  in	  each	  slope	  measurement	  was	  ±0.03	  counts	  per	  second	  (cps)	  per	  volt.	  
	  
The	   slope	   measurements	   were	   found	   to	   show	   no	   significant	   changes,	   within	  
uncertainty,	  in	  the	  calculated	  values.	  It	  could	  still	  be	  noted	  that	  one	  detector,	  labeled	  
Plated	   5,	   did	   seem	   to	   have	   a	   gradually	   increasing	   slope.	   However,	   because	   the	  
changes	  are	  still	  within	  the	  uncertainty	  of	  ±	  0.03	  cps	  per	  V,	  it	  cannot	  yet	  be	  said	  for	  
certain	   whether	   this	   is	   a	   true	   effect	   or	   not.	   The	   general	   lack	   of	   any	   significant	  
changes	   in	   the	   slopes	   of	   the	   plated	   GM	   detectors	   verifies	   the	   visual	   observations	  
made	  in	  the	  corresponding	  plateaus.	  The	  spread	  in	  the	  slope	  measurements	  was	  also	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found	   to	   be	   relatively	   low	   at	   a	   value	   of	   0.03	   cps	   per	   V;	   this	   value	   is	   within	   the	  
uncertainty	  in	  the	  readings.	  As	  such,	  it	  can	  again	  be	  stated	  that	  the	  plated	  protection	  
process	   is	  effective	  at	  preventing	  performance	  degradation	   in	  all	   the	  GM	  detectors	  
aged	  at	  room	  temperature.	  
	  
Geiger	  plateau	  plots	  were	  also	  recorded	  for	  all	  plated	  GM	  tubes	  under	  investigation	  
at	  125	   oC.	  To	  study	   the	   impact	  of	   the	  higher	   temperature	  ageing	  process	  on	   these	  
samples,	   baseline	   plateau	   plots	   were	   similarly	   recorded	   at	   an	   early	   stage	   of	   the	  
ageing	  process.	  These	  baseline	  results	  are	  shown	  in	  Figure	  7.9	  (a).	  
	  	  
	  
Figures	  7.9:	  The	  above	  plateau	  plots	  have	  been	  taken	  for	   the	  plated	  detectors	  aged	  at	  125	  oC;	   (a)	   -­‐	  
after	  accumulating	  1.1	  x	  1010	  counts	  ,	  (b)	  –	  the	  end	  of	  the	  ageing	  period	  after	  accumulating	  3.3	  x	  1010	  
counts.	  
	  
The	  plateau	  plots	   for	   the	  125	  oC	  plated	  detectors	  were	   found	  to	  exhibit	  visibly	   flat	  
plateaus	  over	   the	  entire	  voltage	  range	  measured,	  with	  an	  average	  slope	  of	   (0.15	  ±	  
0.03)	  cps	  per	  V	  recorded.	  It	  was	  noted,	  however,	  that	  one	  detector,	  labeled	  as	  Plated	  
20,	  was	  found	  to	  begin	  losing	  its	  shape	  at	  voltages	  greater	  than	  600	  V,	  with	  a	  starting	  
slope	  of	  (0.33	  ±	  0.03)	  cps	  per	  V.	  As	  this	  measurement	  was	  taken	  early	  in	  the	  ageing	  
process,	  it	  is	  thought	  to	  be	  as	  a	  result	  of	  the	  processing	  of	  the	  detector.	  
	  
A	  collection	  of	  new	  plateau	  plots	  was	  recorded	  after	  accumulating	  a	  total	  of	  a	  total	  
of	  3.3	  x	  1010	  counts;	  the	  Geiger	  plateaus	  acquired	  are	  shown	  in	  Figure	  7.9	   (b).	  The	  
plots	   obtained	   for	   the	   detectors	   at	   125	   oC	   were	   not	   found	   to	   exhibit	   any	   visible	  
changes	  when	  compared	   to	   the	   results	   from	  Figure	   7.9	   (a).	   Similar	   to	   the	   samples	  
aged	  at	  room	  temperature,	  this	  lack	  of	  change	  suggested	  that	  the	  performancea	  of	  
(a)	   (b)	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the	  plated	  GM	  detectors	  were	  unaffected	  by	  the	   increased	  temperature	  of	  125	  oC,	  
with	   a	   final	   average	   slope	   (0.15	   ±	   0.02)	   cps	   per	   V.	   It	   was	   also	   observed	   that	   the	  
detector,	   labeled	  Plated	  20,	  with	  the	  rising	  plateau	  did	  not	  suffer	  any	  changes	  with	  
age.	   The	   samples	   also	   showed	   an	   increase	   and	   noticeable	   spread	   in	   the	   starting	  
position	   of	   their	   plateaus;	   this	   again	   agreed	   well	   with	   the	   Vs	   values	   discussed	   in	  
Section	  7.2.1.	  
	  
To	  study	  any	  performance	  changes	  in	  the	  plated	  detectors	  aged	  at	  125	  oC,	  the	  slope	  
measurements	   from	   the	   acquired	   plateaus	   were	   also	   considered	   separately.	   The	  
obtained	  detector	  slopes	  are	  shown	  in	  Figure	  7.10.	  
	  	  
	  
Figure	  7.10:	  Plateau	  slope	  values	  for	  plated	  ZP1200	  Geiger	  samples	  aged	  at	  125	  oC.	  The	  uncertainty	  in	  
each	  slope	  measurement	  was	  ±0.03	  counts	  per	  second	  (cps)	  per	  volt.	  
	  
The	  measured	  slope	  values	  remained	  relatively	  constant	  as	  the	  samples	  were	  aged	  
at	  125	  oC;	  this	  was	  expected,	  because	  the	  corresponding	  plateau	  plots	  similarly	  did	  
not	   appear	   to	   change	   with	   age.	   Some	   fluctuations	   were	   recorded	   between	  
consecutive	   measurements;	   however,	   these	   were	   always	   within	   the	   accepted	  
uncertainty	   of	   0.03	   cps	   per	   V.	  While	   the	   detector	   labeled	  Plated	   20	  was	   found	   to	  
exhibit	  a	  higher	  slope	  value	  than	  the	  rest	  of	  the	  samples,	  the	  loss	  of	  plateau	  shape	  
did	   not	   seem	   to	   affect	   the	   lifetime	   performance	   of	   the	   detector.	   That	   is,	   the	  
corresponding	  Geiger	  plateau	  remained	  unchanged	  with	  age.	  These	  results	  suggest	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that	   the	   chromium-­‐plated	   surfaces	   also	   resist	   any	   significant	   performance	  
degradation	  in	  GM	  detectors	  aged	  at	  125	  oC.	  
	  
7.3.2	   Passivated	  Detector	  Samples	  
Individual	   Geiger	   plateaus	   were	   taken	   for	   all	   passivated	   detectors	   aged	   at	   room	  
temperature.	  The	  collection	  of	  plots	  recorded	  for	  these	  samples	  at	  the	  start	  of	  the	  
ageing	  process	  are	  shown	  in	  Figure	  7.11	  (a).	  
	  
	  
Figures	   7.11:	   The	   above	   plateau	   plots	   have	   been	   taken	   for	   the	   room	   temperature	   passivated	  
detectors;	   (a)	   -­‐	   after	   accumulating	   1.4	   x	   1010	   counts	   ,	   (b)	   –	   the	   end	   of	   the	   ageing	   period	   after	  
accumulating	  5.7	  x	  1010	  counts.	  
	  
From	  the	  obtained	  results,	  it	  was	  noticed	  that	  the	  majority	  of	  the	  detectors	  had	  flat	  
plateaus	  across	  the	  relevant	  voltage	  range,	  with	  an	  average	  plateau	  slope	  of	  (0.25	  ±	  
0.03)	  cps	  per	  V	  obtained.	  However,	  one	  detector,	  labeled	  Pass	  7,	  produced	  a	  Geiger	  
plateau	   with	   a	   relatively	   larger	   starting	   slope	   of	   (0.25	   ±	   0.03)	   cps	   per	   V.	   This	  
difference,	   however,	   is	   expected	   to	  be	  due	   to	   the	  processing	  of	   the	  detector.	   The	  
lower	   spread	   in	   the	   passivated	   plateau	   starting	   positions,	   when	   compared	   to	   the	  
plated	   samples	   discussed	   in	   Section	   7.3.1,	   was	   also	   observed.	   This	   finding	   was	   in	  
good	  agreement	  with	  the	  Vs	  investigations	  discussed	  in	  Section	  7.2.2.	  
	  
After	   ageing	   the	   passivated	   samples	   to	   accumulate	   a	   total	   of	   5.7	   x	   1010	   counts	   at	  
room	  temperature,	  new	  plateau	  plots	  were	  acquired	  for	  comparison;	  the	  results	  are	  
shown	   in	   Figure	   7.11	   (b).	   The	   plateau	   plots	   showed	   no	   noticeable	   changes	   in	   the	  
Geiger	  plateau	  shapes	  for	  any	  of	  the	  passivated	  detectors	  with	  age,	  with	  the	  average	  
(a)	   (b)	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plateau	  slope	  found	  to	  be	  (0.25	  ±	  0.03)	  cps	  per	  V.	  It	  can	  thus	  be	  said	  that	  both	  the	  
plated	  and	  passivated	  samples	  showed	  no	  visible	  performance	  degradation	  with	  age	  
at	  room	  temperature.	  
	  
To	   better	   quantify	   any	   changes	   in	   the	   passivated	   detector	   performances	   at	   room	  
temperature,	  the	  individual	  plateau	  slopes	  were	  extracted	  from	  each	  corresponding	  
Geiger	  plateau.	  The	  results	  are	  shown	  in	  Figure	  7.12.	  
	  	  
	  
Figure	  7.12:	  Plateau	  slope	  values	   for	  passivated	  ZP1200	  Geiger	  samples	  aged	  at	  room	  temperature.	  
The	  uncertainty	  in	  each	  slope	  measurement	  was	  ±0.03	  counts	  per	  second	  (cps)	  per	  volt.	  
	  
After	   studying	   the	   slope	   values	   with	   age,	   no	   significant	   changes,	   within	   the	  
uncertainty	   of	   ±0.03	   cps	   per	  V,	  were	   recording	   for	   any	  of	   the	  passivated	   samples.	  
While	  the	  detector,	  labelled	  Pass	  7,	  was	  found	  to	  have	  a	  relatively	  higher	  value	  slope	  
than	  the	  other	  passivated	  samples	   it	  did	  not	  seem	  to	  suffer	   from	  any	  performance	  
degradation	  with	   age.	   It	   can	   thus	   be	   said	   that	   the	   passivation	   process	   produces	   a	  
protective	  layer	  capable	  of	  preserving	  the	  detector	  performance	  when	  aged	  at	  room	  
temperature.	  The	  spread	  in	  the	  measured	  slope	  values	  for	  the	  detector	  samples	  was	  
found	  to	  be	   larger	   than	   for	   the	  plated	  detectors.	  That	   is,	   the	  standard	  deviation	   in	  
the	  passivated	  slope	  measurements	  was	  calculated	  to	  be	  0.09	  cps	  per	  V;	  this	  is	  due	  
to	  the	  significantly	  larger	  plateau	  slope	  recorded	  for	  the	  Pass	  7	  sample.	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The	  passivation	  process	  used	  was	  also	   investigated	  at	   the	  elevated	  temperature	  of	  
125	  oC.	  Geiger	  plateau	  plots	  for	  the	  passivated	  samples	  were	  recorded	  at	  the	  early	  
stages	  of	  the	  ageing	  process	  and	  are	  shown	  in	  Figure	  7.13	  (a).	  
	  
	  
Figures	  7.13:	  The	  above	  plateau	  plots	  have	  been	  taken	  for	  the	  passivated	  detectors	  aged	  at	  125	  oC;	  (a)	  
-­‐	  after	  accumulating	  1.1	  x	  1010	  counts	  ,	  (b)	  –	  the	  end	  of	  the	  ageing	  period	  after	  accumulating	  3.3	  x	  1010	  
counts.	  
	  
The	  resulting	  passivated	  plots	  all	  showed	  flat	  plateaus	  stretching	  beyond	  the	  750	  V	  
upper	  threshold,	  with	  the	  average	  slope	  calculated	  to	  be	  (0.22	  ±	  0.03)	  cps	  per	  V.	  A	  
low	  spread	  was	  again	  observed	  in	  the	  passivated	  Geiger	  plateau	  starting	  positions.	  
	  
The	  set	  of	  passivated	  Geiger	  plateaus	  corresponding	  to	  the	  end	  of	  the	  125	  oC	  ageing	  
lifetime	   test	   are	   shown	   in	   Figure	   7.13	   (b).	   After	   studying	   the	   plateau	   plots,	   two	  
detectors	   did	   show	   signs	   of	   performance	   degradation;	   this	   equates	   to	   25%	   of	   the	  
sample	   size.	   These	   samples	   were	   labeled	   as	   Pass	   20	   and	   Pass	   22	   and	   produced	  
Geiger	  plateaus	  that	  appeared	  to	   lose	  their	  shape,	  with	  recorded	  plateau	  slopes	  of	  
(0.62	  ±	  0.03)	  cps	  per	  V	  and	  (0.41	  ±	  0.03)	  cps	  per	  V	  respectively.	  It	  should,	  however,	  
be	   noted	   that	   no	   changes	   were	   observed	   for	   the	   remainder	   of	   the	   passivated	  
detectors	   under	   test.	   Nevertheless,	   because	   the	   performance	   of	   25%	   of	   the	  
detectors	  did	  deteriorate	  with	  age,	   it	   is	  suggested	  that	  the	  passivation	  process	  was	  
not	   as	   effective	   against	   performance	   degradation	   at	   125	   oC	   as	   a	   chromium-­‐plated	  
surface.	   This	   was	   reflected	   in	   the	   rise	   of	   the	   average	   plateau	   slope	   after	   ageing,	  
which	  was	  now	  calculated	  to	  be	  (0.30	  ±	  0.03)	  cps	  per	  V.	  
	  
(a)	   (b)	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No	  direct	   relation	   could	  be	  established	  between	   the	  affected	  passivated	  detectors	  
and	   the	   changes	   in	   their	   Vs	   readings	   discussed	   in	   Section	   7.2.2.	   The	   Vs	   changes	  
recorded	  for	  the	  Pass	  20	  and	  Pass	  22	  samples	  after	  accumulating	  3.3	  x	  1010	  counts	  
were	  measured	   as	   a	   drop	   of	   7	   V	   and	   13	   V	   respectively.	   Because	   other	   passivated	  
samples	  aged	  at	  125	  oC	  showed	  higher	  and	  lower	  drops	  in	  their	  Vs	  readings	  with	  no	  
changes	  in	  their	  Geiger	  plateaus,	  no	  correlation	  appears	  to	  be	  present	  between	  the	  
two	  parameters.	  
	  
The	  individual	  plateau	  slope	  values	  were	  also	  considered;	  the	  results	  acquired	  as	  the	  
samples	  accumulated	  throughout	  the	  ageing	  process	  at	  125	  oC	  are	  shown	  in	  Figure	  
7.14.	  
	  	  
	  
Figure	   7.14:	   Plateau	   slope	   values	   for	   passivated	   ZP1200	   Geiger	   samples	   aged	   at	   125	   oC.	   The	  
uncertainty	  in	  each	  slope	  measurement	  was	  ±0.03	  counts	  per	  second	  (cps)	  per	  volt.	  
	  
The	   passivated	   slope	   measurements	   confirmed	   that	   the	   majority	   of	   the	   detector	  
samples	  maintained	  constant	  plateau	  slopes	  with	  age,	  within	  the	  uncertainty	  of	  0.03	  
cps	  per	  V,	  over	  the	  ageing	  period.	  The	  two	  detectors,	  labelled	  Pass	  20	  and	  Pass	  22,	  
that	   exhibited	  deteriorating	   plateau	   shapes	  with	   age	   in	  Figure	   7.13	   (b)	   expectedly	  
produced	   large	  variations	   in	   their	  calculated	  slope	  values.	  Pass	  20	   suffered	  a	  148%	  
increase	  from	  its	  starting	  value,	  whereas	  Pass	  22	  exhibited	  a	   lesser	  rise	   in	   its	  slope	  
measurement	   of	   64%.	   It	   was	   also	   noted	   that	   Pass	   22	   appeared	   to	   have	   a	   more	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gradual	  rise	  in	  the	  slope	  with	  age;	  Pass	  20	  showed	  a	  much	  steeper	  rise	  in	  its	  plateau	  
slope	  with	  age.	  The	  spread	  in	  the	  starting	  slope	  readings	  did	  not	  seem	  to	  show	  any	  
link	   to	   their	   corresponding	   lifetime	   performances.	   These	   results	   justify	   the	   initial	  
assumption	  that	  the	  passivation	  process	  is	  not	  as	  effective	  as	  the	  chromium	  plating	  
against	  GM	  detector	  performance	  deterioration	  at	  125	  oC.	  
	  
7.3.3	   Raw	  Detector	  Samples	  
Baseline	   Geiger	   plateau	   plots	   were	   also	   prepared	   for	   the	   raw	   ZP1200	   detector	  
samples	  aged	  at	  room	  temperature.	  The	  results	  are	  shown	  in	  Figure	  7.15	  (a).	  
	  
	   	  
Figures	  7.15:	  The	  above	  plateau	  plots	  have	  been	  taken	  for	  the	  room	  temperature	  raw	  detectors;	  (a)	  -­‐	  
after	  accumulating	  1.4	  x	  1010	  counts	  ,	  (b)	  –	  the	  end	  of	  the	  ageing	  period	  after	  accumulating	  5.7	  x	  1010	  
counts.	  
	  
All	  of	  the	  raw	  detector	  samples	  were	  found	  to	  possess	  relatively	  flat	  plateaus,	  with	  
an	  average	  slope	  of	   (0.21	  ±	  0.03)	   cps	  per	  V	  obtained.	  The	  starting	  positions	  of	   the	  
acquired	   raw	   GM	   detector	   plateaus	   showed	   a	   noticeably	   lower	   spread	   when	  
compared	   to	   the	   starting	  positions	  of	   the	  plated	  detectors;	   this	  was	  expected	  and	  
agreed	  with	  the	  raw	  samples’	  Vs	  readings	  discussed	  in	  Section	  7.2.3.	  After	  ageing	  the	  
samples	  to	  accumulate	  a	  total	  of	  5.7	  x	  1010	  counts,	  plateaus	  were	  taken	  at	  the	  end	  of	  
the	  ageing	  process,	  as	  shown	  in	  Figure	  7.15	  (b).	  
	  
Similar	  to	  all	  other	  protective	  processes	  studied	  at	  room	  temperature,	  the	  aged	  raw	  
ZP1200	  detector	  samples	  investigated	  produced	  un-­‐changing	  plateau	  plots	  with	  age,	  
with	  the	  average	  plateau	  slope	  calculated	  as	  (0.22	  ±	  0.03)	  cps	  per	  V.	  That	  is,	  as	  the	  
(a)	   (b)	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detectors	  were	   aged,	   the	   characteristic	   features	   of	   each	   detector’s	  Geiger	   plateau	  
plot	   remained	   the	   same.	   It	   can	   thus	   be	   said	   that	   the	   raw	   protective	   process	   also	  
seems	  effective	  at	  resisting	  a	  loss	  of	  performance	  in	  GM	  detectors	  when	  operated	  at	  
room	  temperature	  up	  to	  the	  level	  of	  counts	  accumulated.	  
	  
The	  slope	  values	   for	  each	  raw	  detector	  sample	  were	  also	   recorded	  with	   increasing	  
age	  to	  produce.	  The	  relevant	  data	  is	  shown	  in	  Figure	  7.16.	  
	  
	  
Figure	   7.16:	   Plateau	   slope	   values	   for	   raw	   ZP1200	   Geiger	   samples	   aged	   at	   room	   temperature.	   The	  
uncertainty	  in	  each	  slope	  measurement	  was	  ±0.03	  counts	  per	  second	  (cps)	  per	  volt.	  
	  
All	   raw	  detectors	  aged	  at	   room	  temperature	  produced	  slope	  values	   that	   remained	  
constant	  with	  age,	  within	  the	  allowed	  uncertainty	  of	  ±0.03	  cps	  per	  V.	  The	  spread	  in	  
the	   calculated	   slopes	   for	   the	   raw	   GM	   detector	   samples	   was	   also	   found	   to	   be	  
noticeably	   lower	   than	   for	   all	   other	   detector	   types.	   The	   standard	   deviation	   for	   the	  
initial	   raw	   detector	   slopes	   was	   calculated	   to	   be	   0.02	   cps	   per	   V.	   The	   measured	  
stability	  in	  these	  plateau	  slopes	  for	  the	  raw	  detectors	  aged	  thus	  suggests	  that	  it	  is	  an	  
effective	  process	  for	  resisting	  any	  performance	  degradation	  with	  age.	  
	  
The	   raw	   ZP1200	   Geiger	   samples	   aged	   at	   125	   oC	   were	   also	   studied	   for	   any	  
performance	   degradation.	   The	   baseline	   Geiger	   plateau	   plots	   acquired	   early	   on	   in	  
their	  ageing	  lifetimes	  are	  shown	  in	  Figure	  7.17	  (a).	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Figures	  7.17:	  The	  above	  plateau	  plots	  have	  been	  taken	  for	  the	  raw	  detectors	  aged	  at	  125	  oC;	  (a)	  -­‐	  after	  
accumulating	   1.1	   x	   1010	   counts	   ,	   (b)	   –	   the	   end	   of	   the	   ageing	   period	   after	   accumulating	   3.3	   x	   1010	  
counts.	  
	  
It	  was	  noticed	  that	  all	  the	  initial	  plateau	  plots	  for	  the	  raw	  detectors	  aged	  at	  125	  oC	  
displayed	  flat	  plateaus,	  with	  the	  average	  plateau	  slope	  reading	  found	  to	  be	  (0.20	  ±	  
0.03)	  cps	  per	  V.	  The	  detectors	  were	  then	  continuously	  monitored	  and	  their	  plateau	  
plots	  were	  regularly	  recorded	  as	  a	  total	  of	  3.3	  x1010	  counts	  were	  accumulated.	  
	  
The	  Geiger	  plateaus	  acquired	  for	  the	  raw	  detectors	  at	  the	  end	  of	  the	  ageing	  period	  
are	  shown	  in	  Figure	  7.17	  (b).	  These	  125	  oC	  Geiger	  plateaus	  still	  showed	  no	  signs	  of	  
change	   in	   their	  operational	  performance	   throughout	   the	  ageing	  process,	   such	   that	  
the	  average	  plateau	  slope	  calculation	  was	  again	  recorded	  as	  (0.20	  ±	  0.03)	  cps	  per	  V.	  
It	   can	   thus	   be	   suggested	   that	   the	   raw	   protective	   mechanism	   also	   serves	   as	   an	  
effective	  method	  of	  resisting	  the	  performance	  degradation	  of	  GM	  detectors	  at	  125	  
oC.	  Although	  the	  changes	  in	  starting	  voltages	  discussed	  in	  Section	  7.2.3	  suggests	  that	  
some	  quench	  gas	  depletion	  had	  occurred,	  the	  recorded	  plateau	  plots	  show	  that	  this	  
depletion	   is	   not	   significant	   enough	   to	   affect	   the	   detector	   performance.	   These	  
changes	  were	  also	  replicated	  in	  a	  shift	  in	  the	  plateau	  starting	  positions.	  
	  
The	  slopes	  of	  the	  raw	  detectors	  aged	  at	  125	  oC	  were	  then	  considered	  separately	  to	  
better	   quantify	   how	   effective	   the	   raw	   protective	   process	   was	   at	   higher	  
temperatures.	  The	  slope	  readings	  with	  increasing	  accumulated	  counts	  are	  shown	  in	  
Figure	  7.18.	  
	  
(a)	   (b)	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Figure	  7.18:	  Plateau	  slope	  values	  for	  raw	  ZP1200	  Geiger	  samples	  aged	  at	  125	  oC.	  The	  uncertainty	   in	  
each	  slope	  measurement	  was	  ±0.03	  counts	  per	  second	  (cps)	  per	  volt.	  
	  
As	   expected,	   the	   slope	   measurements	   taken	   at	   125	   oC	   showed	   a	   lack	   of	   change,	  
within	  uncertainty,	  in	  the	  detector	  performance	  as	  more	  counts	  were	  accumulated.	  
These	   conclusions	   were	   very	   similar	   to	   those	   obtained	   when	   studying	   the	   plated	  
detector	  samples	  aged	  at	  the	  higher	  temperature	  of	  125	  oC.	  It	  can	  thus	  be	  suggested	  
that	   both	   the	   raw	   and	   plating	   protective	   mechanisms	   preserve	   the	   operational	  
parameters	   of	   the	   Geiger	   detectors	   up	   to	   temperatures	   of	   125	   oC.	   Performance	  
degradation	  was,	  on	  the	  other	  hand,	  found	  to	  be	  more	  apparent	  when	  investigating	  
the	  passivated	  detector	  samples.	  
	  
7.4	   Geiger	  Operating	  Count	  Rate	  Measurements	  
The	  operating	  count	  rate	  of	  a	  GM	  detector	  is	  recorded	  at	  the	  voltage	  with	  which	  it	  is	  
expected	  to	  operate.	  In	  the	  case	  of	  the	  ZP1200,	  the	  operating	  voltage	  is	  set	  at	  500	  V.	  
In	   order	   to	   record	   the	   operating	   count	   rates	   of	   the	   detector	   samples,	   the	   ATE	  
available	  at	  Centronic	   Ltd.	  was	  used.	  The	  uncertainty	   in	  each	  operating	   count	   rate	  
measurement	   is	   typically	   calculated	   by	   taking	   the	   square	   root	   of	   each	   recorded	  
value;	  this	  value	  reflects	  the	  standard	  deviation	  of	  a	  Poisson	  distribution.	  However,	  
due	   to	   the	   nature	   of	   the	   ATE,	   additional	   uncertainties	   are	   introduced	   from	   the	  
positioning	  of	   the	  sample	  relative	   to	   the	   test	   radiation	  source.	  For	   this	   reason,	   the	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uncertainties	   in	   the	   final	  measurements	  are	  estimated	   to	  be	  10%	  of	   the	  operating	  
count	  rate	  reading.	  	  
7.4.1	   Plated	  Detector	  Samples	  
The	  detector	  operating	  count	  rates	  were	  recorded	  at	  regular	  intervals	  for	  all	  plated	  
detector	   samples	   aged	   at	   room	   temperature	   as	   they	   accumulated	   a	   total	   of	   5.7	   x	  
1010	  counts.	  The	  resulting	  values	  are	  shown	  in	  Figure	  7.19.	  
	  	  
	  
Figure	  7.19:	  Operating	  count	  rate	  measurements	  for	  all	  plated	  ZP1200	  Geiger	  samples	  aged	  at	  room	  
temperature.	  The	  uncertainty	  in	  each	  value	  is	  equivalent	  to	  ±10%	  of	  the	  operating	  count	  rate	  reading.	  
	  
The	   operating	   count	   rate	   readings	   were	   analysed	   and	   no	   significant	   changes	  
occurred	  between	   consecutive	  measurements	   as	   the	  plated	   samples	  were	  aged	  at	  
room	  temperature.	  Any	  deviations	  were	  found	  to	  be	  within	  the	  allowed	  uncertainty	  
in	   each	   reading.	   This	   suggested	   that	   the	   counting	   stability	   of	   the	   GM	   detectors	  
remained	   consistent	   with	   age.	   Any	   large	   changes	   in	   the	   operating	   count	   rate	  
measurements	  can	  represent	  an	  increasing	  instability	  in	  the	  detectors;	  however,	  this	  
was	   not	   found	   to	   be	   the	   case.	   In	   addition	   to	   the	   uncertainty,	   the	   spread	   in	   the	  
operating	   count	   rate	   counts	   across	   the	   samples	   can	   also	   be	   due	   to	   the	   slight	  
differences	   in	  each	  tube	  arising	   from	  the	  production	  process,	   such	  as	  deviations	   in	  
the	   fill	   gas	   ratios.	   It	   can	   also	   be	   said	   that	   the	   difference	   in	   operating	   count	   rate	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values	   for	   each	   sample	   did	   not	   seem	   to	   affect	   their	   performance	   as	  more	   counts	  
were	  accumulated.	  
	  
In	  order	   to	  observe	   the	   stability	  of	  each	  plated	  GM	  detector	  aged	  at	  125	   oC	  when	  
running	  at	  its	  operating	  voltage,	  the	  operating	  count	  rates	  were	  also	  recorded.	  These	  
samples	  were	  aged	  to	  accumulate	  a	  total	  of	  3.3	  x	  1010	  counts.	  The	  acquired	  results	  
with	  increasing	  age	  are	  shown	  in	  Figure	  7.20.	  
	  	  
	  
Figure	  7.20:	  Operating	  count	  rate	  measurements	  for	  all	  plated	  ZP1200	  Geiger	  samples	  aged	  at	  125	  oC.	  
The	  uncertainty	  in	  each	  value	  is	  equivalent	  to	  ±10%	  of	  the	  operating	  count	  rate	  reading.	  
	  
Over	  the	  ageing	  period	  of	  3.3	  x	  1010	  counts	  at	  125	  oC,	  the	  plated	  detector	  operating	  
count	  rates	  were	  also	  found	  to	  remain	  consistent.	  Some	  fluctuations	  were	  observed,	  
however,	  these	  were	  found	  to	  be	  within	  the	  measurement	  uncertainties.	  It	  can	  thus	  
be	   said	   that	   the	   chromium	  plating	   helps	   to	   provide	   stable	   count	   rates	  when	   aged	  
over	   similar	   periods	   at	   125	   oC.	   These	   findings	   agree	   well	   with	   the	   previous	  
assumptions	   that	   the	   plating	   process	   serves	   as	   effective	   barrier	   against	   the	  
degradation	  of	  GM	  detector	  performance	  at	  temperatures	  up	  to	  125	  oC.	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7.4.2	   Passivated	  Detector	  Samples	  
As	  the	  passivated	  detectors	  were	  aged	  at	  room	  temperature,	  their	  operating	  count	  
rates	  were	   also	   recorded	   at	   regular	   intervals.	   The	   results	   obtained	   as	   the	   samples	  
accumulated	  a	  total	  of	  5.7	  x	  1010	  counts	  are	  shown	  in	  Figure	  7.21.	  
	  	  
	  
Figure	   7.21:	  Operating	   count	   rate	  measurements	   for	   all	   passivated	   ZP1200	  Geiger	   samples	   aged	  at	  
room	  temperature.	  The	  uncertainty	   in	  each	  value	   is	  equivalent	  to	  ±10%	  of	  the	  operating	  count	  rate	  
reading.	  
	  
These	   passivated	   samples	   aged	   at	   room	   temperature	   were	   found	   to	   produce	  
operating	   count	   rate	  measurements	   that	   remained	   relatively	   constant	   throughout	  
the	   ageing	   procedure,	   within	   the	   allowed	   uncertainty.	   The	   findings	   for	   the	  
passivated	  GM	  detectors	  suggest	  the	  passivation	  process	   is	  effective	  at	  providing	  a	  
stable	  count	  rate	  when	  aged	  at	  room	  temperature.	  
	  
Some	  passivated	  detectors	  were	  found	  to	  exhibit	  a	  drop	  in	  performance	  when	  aged	  
at	   125	   oC,	   as	   shown	   in	   Figure	   7.16.	   The	   impact	   such	   temperatures	   had	   on	   the	  
detector	  operating	  count	  rates	  was	  then	  investigated.	  As	  the	  samples	  were	  aged	  to	  
acquire	   a	   total	   of	   3.3	   x	   1010	   counts,	   the	   operating	   count	   rates	   for	   all	   passivated	  
samples	  under	  investigation	  were	  routinely	  recorded.	  The	  obtained	  operating	  count	  
rate	  plots	  are	  shown	  in	  Figure	  7.22.	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Figure	   7.22:	  Operating	   count	   rate	  measurements	   for	   all	   passivated	   ZP1200	  Geiger	   samples	   aged	  at	  
125	  oC.	  The	  uncertainty	  in	  each	  value	  is	  equivalent	  to	  ±10%	  of	  the	  operating	  count	  rate	  reading.	  
	  
The	  operating	  count	  rate	  measurements	  for	  the	  passivated	  ZP1200	  Geigers	  exhibited	  
no	  signs	  of	  a	  noticeable	  change	  throughout	  the	  ageing	  period	  at	  125	  oC;	  any	  changes	  
were	   again	  within	   the	   allowed	  measurement	   uncertainty.	   This	   result	   showed	   that	  
the	   passivated	   performance	   degradation	   witnessed	   in	   the	   corresponding	   Geiger	  
plateaus	   and	  plateau	   slopes	  was	  not	   significant	   enough	   to	   impact	  on	   the	  detector	  
operating	   count	   rates.	   This	   was	   expected,	   as	   ZP1200	   operating	   count	   rates	   are	  
recorded	  with	   an	   applied	   voltage	   of	   500	   V	   and	   the	  GM	  detector	   degradation	  was	  
observed	  for	  voltages	  above	  550	  V	  in	  the	  corresponding	  plateaus.	  As	  such,	  it	  can	  be	  
said	   that	   the	  passivation	  process	   is	   capable	  of	   sustaining	  stable	  detector	  operating	  
count	  rates	  when	  accumulating	  up	  to	  3.3	  x	  1010	  counts	  at	  125	  oC.	  
	  
7.4.3	   Raw	  Detector	  Samples	  
The	  operating	  count	  rates	  of	  the	  detector	  samples	  prepared	  using	  the	  raw	  protective	  
process	   were	   investigated	   with	   age.	   As	   the	   detectors	   were	   aged	   at	   room	  
temperature	   to	   accumulate	   5.7	   x	   1010	   counts,	   a	   collection	   of	   plots	   showing	   the	  
recorded	  measurements	  were	  obtained	  and	  are	  shown	  in	  Figure	  7.23.	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Figure	   7.23:	   Operating	   count	   rate	  measurements	   for	   all	   raw	   ZP1200	  Geiger	   samples	   aged	   at	   room	  
temperature.	  The	  uncertainty	  in	  each	  value	  is	  equivalent	  to	  ±10%	  of	  the	  operating	  count	  rate	  reading.	  
	  
The	   obtained	   results	   for	   the	   raw	   ZP1200	   detector	   samples	   showed	   that	   their	  
measured	  operating	  count	  rates	  remained	  stable	  over	  the	  ageing	  period	  considered	  
for	   the	   room	   temperature	   investigations.	   That	   is,	   no	   significant	   changes	   were	  
observed,	  with	  all	  fluctuations	  found	  to	  fall	  within	  the	  measurement	  uncertainty	  of	  
±10%	  cps.	  It	  can	  thus	  be	  stated	  that,	  similar	  to	  all	  other	  protective	  processes,	  the	  raw	  
protection	  process	  can	  produce	  stable	  counting	  rates	  in	  GM	  detectors	  used	  at	  room	  
temperature.	  
	  
The	   raw	   detectors	   have	   also	   been	   found	   to	   produce	   highly	   stable	   performance	  
readings	  throughout	  ageing	  process	  carried	  out	  at	  125	  oC.	  To	  monitor	  the	  counting	  
capabilities	  of	  the	  samples	  with	  age,	  the	  detector	  operating	  count	  rates	  were	  studied	  
as	  the	  total	  of	  3.3	  x	  1010	  counts	  were	  accumulated.	  The	  acquired	  results	  are	  shown	  in	  
Figure	  7.24.	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Figure	  7.24:	  Operating	  count	  rate	  measurements	  for	  all	  raw	  ZP1200	  Geiger	  samples	  aged	  at	  125	  oC.	  
The	  uncertainty	  in	  each	  value	  is	  equivalent	  to	  ±10%	  of	  the	  operating	  count	  rate	  reading.	  
	  
After	   analysing	   the	   results,	   no	   changes	   were	   seen	   for	   any	   of	   the	   raw	   detector	  
samples	  aged	  at	  125	  oC.	  This	  result	  suggests	  that	  the	  raw	  protection	  process	  provides	  
stable	   counting	   capabilities	   even	   at	   these	   elevated	   temperatures.	   These	   findings	  
were	  very	  similar	   to	  those	  acquired	  for	  both	  the	  plating	  and	  passivation	  protective	  
mechanisms.	  As	  such,	  it	  can	  be	  noted	  that	  all	  three	  protective	  processes	  considered	  
produce	  unchanging	  detector	  operating	  count	  rates	  at	  temperatures	  up	  to	  125	  oC.	  	  
	  
7.4.4	   Ambient	  Count	  Measurements	  
The	   ambient	   operating	   count	   rate	   is	   an	   important	   detector	   parameter	   to	   consider	  
when	   fault-­‐finding	   Geiger	   counters.	   It	   is	   recorded	   by	   measuring	   the	   detector	  
operating	   count	   rates	   in	   the	   absence	   of	   the	   Caesium-­‐137	   used	   for	   ageing.	   Such	  
readings	   are	   typically	   carried	   out	   over	   a	   period	   of	   3	  minutes	   and	   scaled	   down	   to	  
produce	   a	   cps	   value.	   The	   ambient	   operating	   count	   rates	   for	   all	   samples	   under	  
investigation	  were	  determined	  before	  the	  start	  of	  the	  ageing	  procedure.	  In	  all	  cases,	  
the	  detectors	  produced	  count	  rates	  of	  less	  than	  1	  cps.	  
	  
This	   reading	   was	   recorded	   routinely	   throughout	   the	   room	   temperature	   ageing	  
process	  for	  all	  GM	  detector	  samples.	  For	  all	  ageing	  intervals	  considered,	  the	  ambient	  
readings	   were	   always	   found	   to	   be	   less	   than	   1	   cps.	   As	   no	   major	   changes	   were	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witnessed	   over	   the	   detector	   lifetimes,	   it	   can	   be	   said	   that	   no	   contaminants	   were	  
present	  or	  formed	  within	  the	  Geiger	  tubes	  to	  affect	  its	  operational	  parameters.	  
	  
To	  detect	  any	  anomalies	  in	  the	  behaviour	  of	  the	  detector	  samples	  under	  test	  at	  125	  
oC,	   the	   ambient	   count	   rates	  were	   also	  measured	   at	   the	   elevated	   temperature.	   All	  
detectors,	  with	  one	  exception,	  were	  found	  to	  exhibit	  ambient	  count	  rates	  less	  than	  1	  
cps.	   The	   only	   detector	   to	   suffer	   an	   increasing	   ambient	   at	   the	   end	   of	   the	   ageing	  
period	  was	  the	  passivated	  detector	  labeled	  Pass	  25.	  For	  this	  sample	  of	  interest,	  the	  
ambient	  count	  rate	  was	  found	  to	  rise	  to	  approximately	  2	  counts	  per	  second.	  While	  
similar	  ambient	  counts	  in	  such	  a	  test	  environment	  is	  still	  considered	  acceptable,	  the	  
increase	   in	   its	  value	  with	  age	  at	  125	  oC	  was	  noted.	  Because	  the	  ambient	  operating	  
count	  rates	  are	  recorded	  in	  the	  same	  environment,	  this	  increase	  is	  thought	  to	  be	  due	  
to	  the	  increase	  in	  temperature	  and	  not	  due	  to	  an	  increase	  in	  the	  ambient	  radiation	  
levels.	  
	  
To	   further	   investigate	   the	   impact	   elevated	   temperatures	   have	   on	   Geiger	   ambient	  
counts,	  the	  125	  oC	  samples	  were	  returned	  to	  room	  temperature.	  After	  repeating	  the	  
ambient	  measurements,	  all	  samples	  were	  found	  to	  produce	  count	  rates	  of	  less	  than	  
1	  count	  per	  second.	  Pass	  25	  had	  previously	  exhibited	  no	  signs	  of	  degradation	  for	  any	  
of	   the	   detector	   operational	   parameters.	   This	   suggests	   that	   the	   increase	   in	   the	  
ambient	  count	  rate	  of	  Pass	  25	  might	  be	   linked	  to	  the	  temperature.	  To	  confirm	  this	  
assumption,	   the	   detector	   samples	   aged	   at	   125	   oC	   were	   reheated	   to	   the	   elevated	  
temperature.	   Pass	   25	   was	   again	   found	   to	   produce	   an	   ambient	   count	   rate	   of	  
approximately	   2	   counts	   per	   second.	   It	   is	   not	   clear	  what	  mechanism	   causes	   such	   a	  
phenomenon	  to	  occur;	  however,	   it	  does	  not	  seem	  to	  be	  as	  a	  result	  of	   the	  halogen	  
quench	  gas	  depleting.	  One	  potential	   explanation	   for	   this	   could	  be	   the	  presence	  of	  
trace	   amounts	   of	   contaminants	   that	   become	   electron	   emitters	   at	   elevated	  
temperatures.	  Such	  contamination	  may	  be	  the	  cause	  of	  additional	  spurious	  counts.	  
Other	   literature,	   see	   [69	   –	   A.	   Grosvenor],	   has	   shown	   that,	   at	   temperatures	   above	  
150	   oC,	   iron	   oxide	   (FeO)	   can	   emit	   electrons	   through	   thermionic	   emission.	   Such	  
thermionic	   emissions	   will	   occur	   if	   enough	   thermal	   energy	   is	   transferred	   to	   an	  
electron	   to	   liberate	   it	   from	   its	   atom.	  While	   this	  might	   explain	   the	   observed	   rising	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ambient	  operating	   count	   rate	  phenomenon,	   further	   investigations	  will	   be	   required	  
to	  confirm	  this.	  
	  
7.5	   Observed	  Changes	  in	  Geiger	  Operational	  Parameters	  
The	   changes	   in	   the	   characteristic	   Geiger	   operational	   parameters	   have	   been	  
investigated	  with	  both	  temperature	  and	  age	  for	  three	  different	  protective	  processes.	  
The	   general	   trends	   observed	   for	   the	   plated	   samples,	   passivated	   samples	   and	   raw	  
samples	  are	  shown	   in	  Table	  7.1,	  Table	  7.2	  and	  Table	  7.3	   respectively.	   It	   should	  be	  
noted	  that	  no	  significant	  changes	  are	  considered	  to	  have	  occurred	  if	  any	  changes	  in	  
the	  parameters	  are	  within	  the	  allowed	  uncertainty.	  
	  
Table	  7.1:	  Changes	  in	  Operational	  Parameters	  for	  Plated	  GM	  Samples	  with	  Age	  
Operational	  
Parameter	  
Changes	  at	  
Room	  Temperature	  
Changes	  at	  
125	  oC	  
Starting	  Voltage	  (Vs)	  
Uncertainty:	  ±2	  V	  
13	  V	  increase	  for	  first	  2.8	  x	  1010	  cts	  
All	  future	  changes	  <	  2	  V	  
3	  V	  increase	  for	  first	  0.2	  x	  1010	  cts	  
All	  future	  changes	  <	  2	  V	  
Plateau	  Slope	  
Uncertainty:	  ±0.03	  cps/V	  
All	  changes	  for	  5.7	  x	  1010	  cts	  
<	  0.03	  cps/V	  
All	  changes	  for	  3.3	  x	  1010	  cts	  
<	  0.03	  cps/V	  
Operating	  Count	  Rate	  
Uncertainty:	  ±10%	  
	  All	  changes	  for	  5.7	  x	  1010	  cts	  
<	  10%	  
All	  changes	  for	  3.3	  x	  1010	  cts	  
<	  10%	  
Ambient	  Operating	  
Count	  Rate	  
All	  readings	  for	  5.7	  x	  1010	  cts	  
<	  1	  cps	  
All	  readings	  for	  3.3	  x	  1010	  cts	  
<	  1	  cps	  
Comments	  
No	  significant	  changes	  with	  age	  
after	  an	  initial	  Vs	  conditioning	  
period	  
No	  significant	  changes	  with	  age	  
after	  an	  initial	  Vs	  conditioning	  
period	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Table	  7.2:	  Changes	  in	  Operational	  Parameters	  for	  Passivated	  GM	  Samples	  with	  Age	  
Operational	  
Parameter	  
Changes	  at	  
Room	  Temperature	  
Changes	  at	  
125	  oC	  
Starting	  Voltage	  (Vs)	  
Uncertainty:	  ±2	  V	  
2	  V	  decrease	  for	  first	  0.2	  x	  1010	  cts	  
All	  future	  changes	  <	  2	  V	  
11	  V	  decrease	  for	  3.3	  x	  1010	  cts	  
Plateau	  Slope	  
Uncertainty:	  ±0.03	  cps/V	  
All	  changes	  for	  5.7	  x	  1010	  cts	  
<	  0.03	  cps/V	  
25%	  of	  the	  samples	  suffered	  
from	  increasing	  slopes	  with	  age	  
Operating	  Count	  Rate	  
Uncertainty:	  ±10%	  
All	  changes	  for	  5.7	  x	  1010	  cts	  
<	  10%	  
All	  changes	  for	  3.3	  x	  1010	  cts	  
<	  10%	  
Ambient	  Operating	  
Count	  Rate	  
All	  readings	  for	  5.7	  x	  1010	  cts	  
<	  1	  cps	  
One	  detector	  was	  found	  to	  
show	  an	  increased	  reading	  at	  
125	  oC	  
Comments	   No	  significant	  changes	  with	  age	  
Performance	  degradation	  
observed	  with	  increasing	  age	  
	  
Table	  7.3:	  Changes	  in	  Operational	  Parameters	  for	  Raw	  GM	  Samples	  with	  Age	  
Operational	  Parameter	   Changes	  at	  Room	  Temperature	  
Changes	  at	  
125	  oC	  
Starting	  Voltage	  (Vs)	  
Uncertainty:	  ±2	  V	  
2	  V	  increase	  for	  5.7	  x	  1010	  cts	  	   5	  V	  decrease	  for	  3.3	  x	  1010	  cts	  
Plateau	  Slope	  
Uncertainty:	  ±0.03	  cps/V	  
All	  changes	  for	  5.7	  x	  1010	  cts	  
<	  0.03	  cps/V	  
All	  changes	  for	  5.7	  x	  1010	  cts	  
<	  0.03	  cps/V	  
Operating	  Count	  Rate	  
Uncertainty:	  ±10%	  
All	  changes	  for	  5.7	  x	  1010	  cts	  
<	  10%	  
All	  changes	  for	  3.3	  x	  1010	  cts	  
<	  10%	  
Ambient	  Operating	  
Count	  Rate	  
All	  readings	  for	  5.7	  x	  1010	  cts	  
<	  1	  cps	  
All	  readings	  for	  3.3	  x	  1010	  cts	  
<	  1	  cps	  
Comments	   No	  significant	  changes	  with	  age	   Drop	  in	  Vs	  but	  no	  performance	  degradation	  with	  age	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8.	   Geiger-­‐Müller	  Surface	  Characterisation	  with	  Age	  
8.1	   Structure	  of	  Chapter	  
This	  chapter	  will	  present	  the	  surface	  characterisation	  results	  that	  were	  recorded	  as	  
the	  detector	  samples	  were	  aged.	  Section	  8.2	  will	  discuss	  the	  surface	  analysis	  carried	  
out	   on	   the	   internal	   surfaces	   of	   selected	   Geiger-­‐Müller	   detector	   cathode	   samples.	  
These	   investigations	   were	   carried	   out	   to	   try	   and	   identify	   the	   presence	   of	   any	  
bromine	  deposits.	  Section	  8.3	  will	  show	  the	  results	  obtained	  when	  mapping	  sections	  
of	  the	  internal	  surfaces	  of	  the	  detector	  cathodes	  to	  investigate	  any	  potential	  changes	  
with	   age.	   Section	   8.4	   will	   then	   present	   all	   the	   results	   obtained	   from	   the	   surface	  
characterisation	   of	   detector	   anodes	   that	   was	   performed	   to	   study	   any	   potential	  
chemical	  reactions	  with	  the	  halogen	  quench	  gas.	  
	  
8.2	   Surface	  Analysis	  of	  Internal	  Cathode	  Surfaces	  
The	  Scanning	  Electron	  Microscope	  (SEM)	  was	  used	  to	  image	  several	  cathode	  samples	  
that	   had	  been	   removed	   from	   the	   ageing	  process	   at	   different	   intervals.	  Due	   to	   the	  
nature	  of	   this	  compositional	   investigation,	  all	  of	   the	  SEM	   images	  were	  acquired	  by	  
monitoring	   the	   back-­‐scattered	   electron	   signals.	   This	   was	   carried	   out	   for	   all	   three	  
protective	  mechanisms.	  The	  Energy	  Dispersive	  X-­‐ray	   (EDX)	  attachment	  on	   the	  SEM	  
was	  then	  utilised	  to	  obtain	  a	  quantitative	  elemental	  composition.	  It	  should	  be	  noted	  
that	  while	  only	  a	  single	  region-­‐of-­‐interest	  for	  each	  type	  will	  be	  shown,	  several	  other	  
areas	  across	  the	  sample	  were	  also	  investigated.	  In	  all	  cases,	  the	  findings	  were	  found	  
to	  be	  very	  similar,	  within	  uncertainty.	  
	  
8.2.1	   Plated	  Detector	  Samples	  
The	  plated	  detectors	  were	  carefully	  prepared	   for	   investigation	  with	  a	  SEM.	  Several	  
ageing	  intervals	  were	  studied,	  however,	  only	  the	  initial	  un-­‐aged	  and	  end-­‐of-­‐life	  SEM	  
images	  will	  be	  displayed.	  These	  are	  shown	  in	  Figures	  8.1	  (a)	  and	  (b).	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Figures	  8.1:	  SEM	  images	  of	  the	  internal	  cathode	  surface.	  (a)	  –	  for	  an	  un-­‐aged	  plated	  detector.	  (b)	  –	  for	  
a	   plated	   detector	   that	   has	   accumulated	   4.3	   x	   1010	   counts	   at	   room	   temperature.	   (c)	   –	   for	   a	   plated	  
detector	  that	  has	  accumulated	  2.1	  x	  1010	  counts	  at	  125	  oC.	  
	  
From	   the	   resulting	   images	   in	  Figures	   8.1	   (a)	   and	   (b),	   no	  apparent	   surface	   changes	  
occurred	   as	   the	   detectors	   were	   aged	   at	   room	   temperature.	   It	   was	   discovered,	  
however,	   that	   the	   chromium	   layer	   did	   seem	   to	   exhibit	   large	   quantities	   of	   micro-­‐
cracks.	  Such	  cracks	  may	  retain	  some	  contaminants	   from	  the	  processing	  process,	  or	  
even	  small	  quantities	  of	  halogen	  quench	  gas.	  This	  is	  seen	  as	  the	  most	  probable	  cause	  
for	  the	  rising	  starting	  voltage	  measurements	  discussed	  in	  Section	  7.2.1.	  The	  natural	  
outgassing	   of	   any	   contaminants	   could	   lead	   to	   an	   increased	   quenching	   effect	   and,	  
subsequently,	  will	  lead	  to	  an	  increase	  in	  the	  starting	  voltage.	  
	  
The	   internal	   cathode	  surfaces	  of	   the	  plated	  detectors	  at	  125	   oC	  were	  also	   studied.	  
The	  obtained	  SEM	  image	  for	  a	  sample	  after	  ageing	  is	  shown	  in	  Figure	  8.1	  (c).	  	  It	  was	  
seen	   that,	   as	   the	   detectors	  were	   aged	   at	   the	   elevated	   temperature	   of	   125	   oC,	   no	  
noticeable	   surface	   changes	   had	   occurred.	   This	   agrees	   well	   with	   all	   the	   findings	  
obtained	   when	   studying	   the	   operational	   characteristics	   of	   the	   plated	   detector	  
(a)	  
(c)	  
(b)	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samples.	   The	  highly	   cracked	  nature	   of	   the	   plated	   surface	  was	   again	   highlighted.	   It	  
can	  be	  noted	  that	  the	  high	  temperature	  plated	  detectors	  also	  exhibited	  a	  rise	  in	  the	  
measured	  starting	  voltages	  discussed	  in	  Section	  7.2.1.	  As	  such,	  the	  presence	  of	  such	  
cracks	  seems	  to	  further	  verify	  the	  initial	  assumption	  that	  trapped	  gas	  or	  processing	  
contaminants	  might	  be	  outgassing	  with	   age.	   Elevated	   temperatures	   tend	   to	   speed	  
up	   the	   outgassing	   process;	   the	   observed	   sharper	   rises	   in	   the	   Vs	   of	   the	   high	  
temperature	  samples	  suggest	  that	  this	  was	  the	  case.	  
	  
After	   imaging	   the	   cathode	   surfaces,	   the	   EDX	   attachment	   was	   used	   to	   obtain	   the	  
elemental	   composition	   for	   several	   regions	   of	   interest.	   This	   measurement	   was	  
repeated	   over	   several	   different	   ageing	   intervals.	   The	   elements	   of	   prime	  
consideration	  for	  this	  investigation	  are	  bromine	  and	  oxygen.	  The	  quantities	  of	  these	  
elements	  at	  different	  ages	  are	  shown	  in	  Figure	  8.2;	  for	  the	  room	  temperature	  plated	  
samples,	   no	   quantities	   of	   bromine	   were	   detected.	   It	   should	   be	   noted	   that	   each	  
elemental	  composition	  reading	  was	  acquired	  from	  the	  average	  readings	  from	  several	  
different	  regions	  of	  interest.	  
	  
	  
Figure	   8.2:	   Average	   oxygen	   elemental	   composition	   percentages	   for	   the	   plated	   ZP1200	   detectors	  
cathodes	  aged	  at	  room	  temperature.	  No	  bromine	  was	  detected	  in	  these	  plated	  samples.	  
	  
The	  chromium-­‐plated	  detectors	  showed	  high	  quantities	  of	  chromium	  and	  oxygen,	  as	  
expected.	  On	  average,	  the	  chromium	  content	  was	  measured	  to	  be	  (85.6	  ±	  0.8)%	  by	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weight	   and	   the	   oxygen	   content	   was	   found	   to	   be	   (10.7	   ±	   0.8)%	   by	   weight.	   Lesser	  
quantities	   of	   manganese,	   iron	   and	   carbon	   were	   also	   present;	   each	   element	   was	  
present	  in	  quantities	  under	  2%	  by	  weight.	  From	  the	  obtained	  results,	  it	  was	  noticed	  
that	   no	   significant	   changes	   had	   occurred	   in	   the	   elemental	   compositions	   of	   the	  
internal	  cathode	  surface.	  No	  evidence	  of	   the	  presence	  of	  bromine	  could	  be	   found.	  
Because	   preserving	   the	   halogen	   quench	   gas	   serves	   as	   a	   limitation	   to	   the	   detector	  
lifetime,	   a	   lack	   of	   bromine	   suggests	   that	   no	   reactions	   have	   occurred	   with	   the	  
exposed	  plated	  cathode.	  This	  was	  true	  over	  the	  entire	  ageing	  lifetime	  of	  the	  plated	  
Geiger	  samples.	  
	  
After	  visually	  observing	   the	  surfaces	  of	  plated	  detectors	  aged	  at	  125	  oC,	   the	  SEM’s	  
EDX	   attachment	  was	   again	   used	   to	   investigate	   their	   surface	   compositions.	   Several	  
regions	  of	  interest	  were	  analysed.	  For	  the	  125	  oC	  plated	  samples,	  no	  bromine	  could	  
be	  detected.	  The	  resulting	  average	  values	  are	  shown	  in	  Figure	  8.3.	  
	  
	  
Figure	   8.3:	   Average	   oxygen	   elemental	   composition	   percentages	   for	   the	   plated	   ZP1200	   detectors	  
cathodes	  aged	  at	  125	  oC.	  No	  bromine	  was	  detected	  in	  these	  plated	  samples.	  
	  
No	   significant	   variations	   could	   be	   observed	   when	   studying	   the	   surface	   elemental	  
compositions	  with	   age.	   The	   two	  most	   prominent	   elements	   throughout	   the	   ageing	  
lifetime	  were	   found	  to	  be	  chromium	  and	  oxygen,	  with	  average	  amounts	  of	   (87.9	  ±	  
0.8)%	  by	  weight	  and	  (9.0	  ±	  0.8)%	  by	  weight	  respectively.	  This	  was	  expected	  due	  to	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the	  presence	  of	  the	  pure	  chromium-­‐plating	  layer.	  Manganese,	  iron	  and	  carbon	  were	  
again	  detected	   in	  minimal	  quantities	   less	   than	  2%	  by	  weight.	   It	   can	  also	  be	   stated	  
that	   no	   contamination	   deposits	   were	   observed	   across	   the	   cathode	   surface	   of	  
interest.	  One	  noticeable	  value	  to	  consider	  from	  the	  EDX	  analysis	  was	  the	  complete	  
absence	  of	  any	  bromine	  at	  all	  ageing	  intervals.	  These	  findings	  again	  suggest	  that	  the	  
plating	   layer	   significantly	   reduces	   any	   quench	   gas	   reactions	   with	   the	   detector	  
cathode,	  even	  at	  elevated	  temperatures	  of	  up	  to	  125	  oC.	  
	  
8.2.2	   Passivated	  Detector	  Samples	  
The	   cathodes	   of	   passivated	   detectors	   aged	   at	   room	   temperature	   were	   observed	  
under	   a	   SEM	   for	   investigation.	   The	   images	   obtained	   for	   the	   un-­‐aged	   detector	  
cathode	   and	   the	   end-­‐of-­‐life	   cathode	   sample	   are	   shown	   in	   Figures	   8.4	   (a)	   and	   (b)	  
respectively.	  	  
	  	  
	  
Figures	   8.4:	   SEM	   images	  of	   the	   internal	  cathode	  surface	   (a)	  –	   for	  an	  un-­‐aged	  passivated	  detector.	   (b)	  –	   for	  a	  
passivated	  detector	  that	  has	  accumulated	  4.3	  x	  1010	  counts	  at	  room	  temperature.	  (c)	  –	  for	  a	  passivated	  detector	  
that	  has	  accumulated	  2.1	  x	  1010	  counts	  at	  125	  oC.	  
(a)	   (b)	  
(c)	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After	  studying	  the	  surfaces	  of	  the	  un-­‐aged	  and	  aged	  passivated	  detector	  samples,	  no	  
noticeable	   changes	   were	   observed	   between	   the	   two.	   In	   both	   cases,	   the	   resulting	  
surfaces	  appeared	  to	  be	  quite	  rough	  with	  many	  topographical	  features	  present.	  The	  
ability	  to	  preserve	  the	  quench	  gas	  within	  the	  halogen	  quench	  gas	  suggests	  that	  the	  
surface	  roughness	  does	  not	  seem	  to	  influence	  the	  lifetime	  of	  the	  detectors	  at	  room	  
temperature.	  
	  
Passivated	   detectors	   aged	   at	   125	   oC	   were	   also	   considered	   on	   which	   to	   carry	   out	  
some	   surface	   characterisation.	   To	   achieve	   this,	   the	   passivated	   samples	   of	   interest	  
were	   observed	   under	   the	   SEM.	   An	   SEM	   image	   acquired	   for	   a	   passivated	   detector	  
aged	  at	  125	  oC	  is	  shown	  in	  Figure	  8.4	  (c).	  The	  SEM	  images	  for	  the	  passivated	  detector	  
samples	  suggest	  that	  no	  surface	  changes	  have	  occurred	  as	  a	  result	  of	  the	  ageing	  at	  
125	   oC.	   Some	   passivated	   Geigers	   were	   found	   to	   suffer	   deterioration	   in	   their	  
performance	  with	  age.	   From	   the	  SEM	   investigation,	   this	  does	  not	   seem	   to	  be	  as	  a	  
result	  of	  a	  change	  in	  the	  surface	  morphology.	  
	  
To	   better	   understand	   the	   composition	   of	   the	   cathode	   surfaces	   for	   the	   passivated	  
detectors	  aged	  at	  room	  temperature,	  the	  EDX	  analysis	  tool	  was	  used.	  The	  elemental	  
composition	  results	  for	  bromine	  and	  oxygen	  are	  shown	  in	  Figure	  8.5.	  Similar	  to	  the	  
plated	   detector	   analysis,	   each	   elemental	   composition	   value	   is	   calculated	   as	   the	  
average	  of	  several	  measurements.	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Figure	   8.5:	   Average	   bromine	   and	   oxygen	   elemental	   composition	   percentages	   for	   the	   passivated	  
ZP1200	  detectors	  cathodes	  aged	  at	  room	  temperature.	  
	  
The	  detected	  elemental	  compositions	  across	   the	  passivated	  cathode	  surfaces	  were	  
similar	  to	  the	  bulk	  composition	  of	  the	  detector	  material.	  The	  446	  stainless	  steel	  alloy	  
used	   consists	   of	   high	   iron	   and	   chromium	   concentrations	   and	   lesser	   quantities	   of	  
silicon,	  manganese	  and	  other	  alloying	  elements.	  This	  was	  found	  to	  be	  the	  case,	  with	  
chromium	  quantities	  of	  (28.2	  ±	  0.1)%	  by	  weight	  and	  iron	  quantities	  of	  (62.7	  ±	  0.5)%	  
by	  weight	  detected.	  All	  other	  elements	  were	  found	  to	  be	  present	   in	  quantities	   less	  
than	  2%	  by	  weight.	  The	  relatively	  high	  quantities	  of	  oxygen,	  (5.9	  ±	  0.5)%	  by	  weight,	  
were	  also	  expected	  due	  to	  the	  oxide	  layer	  formed	  through	  the	  passivation	  process.	  
While	  some	  bromine	  traces	  were	  also	  detected,	  the	  quantities	  detected	  were	  of	  the	  
same	   order	   as	   the	  measurement	   uncertainty.	   It	   is	   thus	   difficult	   to	   verify	   the	   true	  
presence	   of	   bromine.	   A	   complete	   lack	   of	   any	   bromine	   across	   the	   plated	   detector	  
samples	   suggests	   that	   the	  bromine	  detected	  on	   the	  passivated	   cathodes	  might	   be	  
present	   in	   trace	   quantities.	   Nevertheless,	   the	   amount	   of	   bromine	   detected	  within	  
the	   passivated	   ZP1200	   samples	   was	   present	   from	   the	   start	   and	   not	   found	   to	   be	  
linked	  to	  the	  age	  of	  the	  detectors.	  
	  
A	   series	   of	   EDX	  measurements	   were	   also	   carried	   out	   to	   determine	   the	   elemental	  
composition	   of	   the	   passivated	   internal	   cathode	   surfaces	   aged	   at	   125	   oC.	   The	  
recorded	  average	  results	  for	  bromine	  and	  oxygen	  are	  shown	  in	  Figure	  8.6.	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Figure	   8.6:	   Average	   bromine	   and	   oxygen	   elemental	   composition	   percentages	   for	   the	   passivated	  
ZP1200	  detectors	  cathodes	  aged	  at	  125	  oC.	  
	  
After	   investigating	   the	   EDX	   measurements,	   no	   changes	   in	   the	   materials	   were	  
observed	   as	   the	   samples	   were	   aged	   at	   125	   oC.	   The	   elements	   and	   compositional	  
percentages	   recorded	   all	   agree	   well	   with	   the	   elemental	   make-­‐up	   of	   the	   cathode	  
steel	   and	   also	   the	   formation	  of	   the	  oxide	   layer.	  When	  previously	   investigating	   the	  
starting	   voltages	   of	   the	   passivated	   samples	   held	   at	   the	   elevated	   temperature,	   the	  
results	  suggested	  that	  some	  potential	  quench	  gas	  depletion	  had	  occurred.	  As	  such,	  it	  
was	   expected	   for	   some	   bromine	   deposits	   to	   be	   identified.	   While	   no	   bromine	  
deposits	  were	  visibly	  detected	  through	  the	  SEM,	  the	  EDX	  results	  did	  seem	  to	  suggest	  
the	  presence	  of	  minimal	  bromine	  quantities.	  However,	   the	  detected	  quantities	  did	  
not	  seem	  to	  be	  related	  to	  the	  age	  of	  the	  detectors.	  As	  such,	  reactions	  between	  the	  
bromine	   quench	   gas	   and	   the	   passivated	   cathode	   surfaces	   do	   not	   seem	   to	   be	  
significantly	  influenced	  by	  temperatures	  up	  to	  125	  oC.	  
	  
8.2.3	   Raw	  Detector	  Samples	  
Similar	  to	  all	  other	  detector	  types	  investigated,	  the	  raw	  ZP1200	  Geiger	  samples	  were	  
prepared	   for	   observation	   using	   a	   SEM.	   The	   resulting	   images	   are	   shown	   below	   in	  
Figures	  8.7.	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Figures	  8.7:	  SEM	  images	  of	  the	  internal	  cathode	  surface	  (a)	  –	  for	  an	  un-­‐aged	  raw	  detector.	  (b)	  –	  for	  a	  
raw	  detector	  that	  has	  accumulated	  4.3	  x	  1010	  counts	  at	  room	  temperature.	   (c)	  –	   for	  a	  raw	  detector	  
that	  has	  accumulated	  2.1	  x	  1010	  counts	  at	  125	  oC.	  
	  
From	   the	   SEM	   images	   in	   Figures	   8.7	   (a)	   and	   (b),	   it	   was	   found	   that	   no	   significant	  
changes	   had	   occurred	   to	   the	   raw	   cathode	   surfaces	   as	   a	   result	   of	   ageing	   at	   room	  
temperature.	  This	  again	  suggests	  that	  the	  roughness	  of	  the	  internal	  surfaces	  did	  not	  
seem	  to	  diminish	  the	  detector	  performance	  or	  detector	  lifetime	  when	  aged	  at	  room	  
temperature.	  It	  was	  also	  noticed	  that	  the	  appearances	  of	  the	  raw	  detector	  cathodes	  
were	  quite	  similar	  to	  the	  passivated	  detector	  surfaces	  shown	  in	  Figures	  8.4.	  
	  
Raw	   detector	   samples	   aged	   at	   the	   elevated	   temperature	   of	   125	   oC	   were	   also	  
investigated	   under	   the	   SEM	   to	   better	   understand	   the	   nature	   of	   their	   cathode	  
surfaces.	   An	   acquired	   SEM	   image	   for	   a	   raw	   detector	   aged	   at	   125	   oC	   is	   shown	   in	  
Figure	  8.7	  (c).	  No	  significant	  changes	  were	  observed	  across	  the	  surfaces	  of	  these	  raw	  
samples	  throughout	  the	  ageing	  procedure.	  
	  
(a)	   (b)	  
(c)	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While	  imaging	  several	  regions	  of	  the	  raw	  internal	  cathode	  surfaces,	  the	  EDX	  analysis	  
tool	   was	   used	   to	   obtain	   information	   regarding	   the	   constituent	   elements.	   The	  
percentage	   compositions	   for	   the	   amounts	   of	   bromine	   and	   oxygen	   detected	   are	  
shown	  in	  Figure	  8.8.	  
	  
	  
Figure	   8.8:	   Average	   bromine	   and	   oxygen	   elemental	   composition	   percentages	   for	   the	   raw	   ZP1200	  
detectors	  cathodes	  aged	  at	  room	  temperature.	  
	  
The	  findings	  from	  the	  raw	  sample	  EDX	  analysis	  were	  very	  similar	  to	  those	  obtained	  
for	   the	   passivated	   detector.	   That	   is,	   the	  most	   prominent	   elements	   were	   iron	   and	  
chromium,	  with	  measured	  quantities	  of	  (27.8	  ±	  0.1)%	  by	  weight	  and	  (62.2	  ±	  0.5)%	  by	  
weight	  respectively.	  Relatively	  high	  oxygen	  contents	  of	  (5.5	  ±	  0.5)%	  by	  weight	  were	  
also	   present	   due	   to	   the	   protective	   oxide	   layer.	   Other	   alloying	   elements	  were	   also	  
found	   in	   lesser	   quantities	   below	   2%	   by	   weight.	   Bromine	   was	   also	   detected	   in	  
minimal	   quantities.	   Similar	   to	   for	   the	   passivated	   detector	   samples,	   the	   measured	  
percentages	  were	   once	   again	   found	   to	   be	   independent	   of	   detector	   age.	   It	   can	   be	  
suggested	  that,	  because	  the	  raw	  and	  passivated	  detector	  samples	  were	  all	  found	  to	  
contain	   bromine,	   some	   trace	   amounts	   of	   the	   quench	   gas	   has	   interacted	   with	   the	  
detector	  cathode	  during	  the	  processing	  stage.	  
	  
Page	  115	  	  
The	   EDX	   facilities	   were	   then	   used	   to	   acquire	   some	   quantitative	   compositional	  
percentages	  for	  the	  raw	  detectors	  aged	  at	  125	  oC.	  These	  results	  are	  shown	  below	  in	  
Figure	  8.9.	  
	  
	  
Figure	   8.9:	   Average	   bromine	   and	   oxygen	   elemental	   composition	   percentages	   for	   the	   raw	   ZP1200	  
detectors	  cathodes	  aged	  at	  125	  oC.	  
	  
As	  was	  discovered	  with	  both	  the	  plated	  and	  passivated	  detectors,	  the	  compositional	  
analysis	  of	  the	  raw	  detector	  samples	  at	  125	  oC	  showed	  no	  significant	  changes	  with	  
age.	  The	  elemental	  analysis	  at	  all	  ages	  produced	  the	  expected	  average	  compositional	  
percentages	  of	  (28.1	  ±	  0.1)%	  by	  weight	  of	  chromium	  and	  (62.7	  ±	  0.5)%	  by	  weight	  of	  
iron	  corresponding	   to	   the	  makeup	  of	   the	   steel	   cathode;	   the	   relatively	  high	  oxygen	  
content	  was	  also	  expected	  due	   to	   the	  oxide	   formation	  during	  detector	  processing.	  
Such	   a	   result	   suggests	   the	   lack	   of	   any	   growing	   deposits	   as	   a	   result	   of	   increasing	  
reactions	   with	   age.	   Bromine	   traces	   were	   detected	   at	   several	   ageing	   intervals,	  
however,	   its	   presence	   did	   not	   seem	   to	   increase	  with	   age.	   A	   slight	   drop	   in	   Vs	  was	  
recorded	  for	  the	  raw	  detectors	  with	  age	  at	  125	  oC,	  however,	  this	  did	  not	  seem	  to	  be	  
reflected	  in	  the	  surface	  analysis	  investigations.	  It	  can	  thus	  be	  said	  that,	  for	  all	  three	  
Geiger	   protective	  mechanisms	   consider,	   no	   indication	   of	   an	   increasing	   amount	   of	  
bromine	  deposits	  was	  seen	  on	  the	  detector	  cathodes.	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When	   comparing	   the	   oxygen	   content	   across	   the	   different	   samples,	   the	   plated	  
cathode	  surfaces	  were	  found	  to	  contain	  the	  most,	  with	  roughly	  10%	  by	  weight.	  The	  
passivated	  and	  raw	  samples	  were	  shown	  to	  contain	  approximately	  5-­‐6%	  by	  weight	  
oxygen	  content.	  The	  difference	  in	  the	  values	  for	  the	  different	  protective	  processes	  is	  
thought	  to	  be	  as	  a	  consequence	  of	  oxygen	  trapped	  within	  the	  observed	  micro-­‐cracks	  
of	   the	   plating	   layer.	   This	   assumption	   also	   agrees	   with	   the	   rising	   starting	   voltage	  
values	  only	  seen	  when	  investigating	  the	  plated	  detector	  samples.	  	  
	  
8.3	   Surface	  Roughness	  of	  Detector	  Cathodes	  
The	   internal	   cathode	   surfaces	   have	   been	   visualised	   using	   a	   SEM;	   the	   different	  
surface	  finishes	  were	  not	  found	  to	  have	  an	  impact	  on	  the	  performance	  or	  lifetime	  of	  
the	   Geiger	   detectors.	   To	   quantify	   the	   surface	   roughness	   of	   the	   three	   protective	  
processes,	  a	  Dektak	  surface	  profiler	  was	  used.	  Due	  to	  the	  comparative	  nature	  of	  this	  
particular	  investigation,	  all	  three	  detector	  types	  will	  be	  discussed	  simultaneously.	  In	  
each	  case,	  different	  1	  mm	  areas	  were	  analysed	  and	  the	  corresponding	  results	  were	  
averaged.	  The	   results	  obtained	   for	  a	   set	  of	  un-­‐aged	  detectors	  are	   shown	   in	  Figure	  
8.10.	  
	  	  
	  
Figure	  8.10:	  Surface	  profiles	  for	  un-­‐aged	  detectors	  for	  each	  of	  the	  three	  surface	  protection	  processes.	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To	   quantify	   the	   surface	   roughness	   of	   each	   sample	   investigated,	   a	   series	   of	  
parameters	   can	  be	  considered.	  While	   the	  maximum	  surface	   fluctuations,	   shown	   in	  
Figure	  8.10,	  represent	  the	  highest	  point	  measured,	  the	  standard	  deviation	  of	  all	  the	  
acquired	  positional	  data	  provides	  an	  estimation	  of	   the	  roughness	  across	   the	  entire	  
surface	  measured.	   The	  obtained	   values	   for	   the	   standard	  deviation	   calculations	   are	  
shown	  in	  Table	  8.1.	  
	  
Table	  8.1	  
Surface	  Roughness	  Parameters	  from	  Un-­‐Aged	  Detector	  Samples	  
Detector	  Type	   Roughness	  Parameter	   Calculated	  Value	  (μm)	  
Plated	  Cathode	   Standard	  Deviation	   0.79	  
Passivated	  Cathode	   Standard	  Deviation	   1.80	  
Raw	  Cathode	   Standard	  Deviation	   1.99	  
	  
From	  the	  acquired	  data,	   it	  was	  noticed	  that	  the	  plated	  detectors	  appeared	  to	  have	  
the	  lowest	  roughness	  of	  the	  three	  different	  protective	  mechanisms	  investigated.	  The	  
passivated	   and	   raw	   cathode	   surfaces	   exhibited	   rougher	   regions	   across	   the	   1	   mm	  
areas	  investigated.	  
	  
A	   collection	   of	   ZP1200	   detector	   samples	   aged	   at	   room	   temperature	   were	   also	  
considered	  for	  analysis	  using	  the	  Dektak	  surface	  profiler.	  Each	  protective	  mechanism	  
was	  considered	  and	  the	  resulting	  surface	  maps	  are	  shown	  in	  Figure	  8.11.	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Figure	   8.11:	   Surface	  profiles	   for	  detectors	  aged	  at	   room	   temperature	   for	  each	  of	   the	   three	   surface	  
protection	  processes.	  
	  
From	   these	   plots,	   the	   surface	   roughness	   parameters	   were	   calculated	   for	   each	  
surface	  over	  the	  1	  mm	  scanning	  area.	  The	  obtained	  values	  are	  shown	  in	  Table	  8.2.	  	  
	  
Table	  8.2	  
Surface	  Roughness	  Parameters	  from	  Detector	  Samples	  Aged	  at	  Room	  Temperature	  
Detector	  Type	   Roughness	  Parameter	   Calculated	  Value	  (μm)	  
Plated	  Cathode	   Standard	  Deviation	   1.60	  
Passivated	  Cathode	   Standard	  Deviation	   1.82	  
Raw	  Cathode	   Standard	  Deviation	   3.06	  
	  
These	  findings	  show	  that	  the	  plated	  cathode	  and	  passivated	  cathode	  were	  found	  to	  
exhibit	  similar	  results;	  however,	  the	  passivated	  surface	  did	  exhibit	  a	  slightly	  rougher	  
surface.	  The	  raw	  cathode,	  on	  the	  other	  hand,	  was	  found	  to	  have	  a	  more	  inconsistent	  
surface	  profile,	  thus	  suggesting	  a	  rougher	  surface	  was	  present.	  
	  
From	   the	   SEM	   investigations	   discussed	   in	   Section	   8.2,	   it	   could	   be	   suggested	   that	  
ageing	  detector	  samples	  at	  125	  oC	  did	  not	  seem	  to	  have	  a	  visible	  impact	  on	  surface	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finish.	  To	  investigate	  this	  assumption,	  the	  Dektak	  surface	  profiler	  was	  again	  used	  to	  
map	  the	  internal	  cathode	  surfaces	  of	  GM	  detectors	  aged	  at	  125	  oC.	  The	  collection	  of	  
results	  is	  shown	  below	  in	  Figure	  8.12.	  	  
	  	  
	  
Figure	   8.12:	   Surface	   profiles	   for	   detectors	   aged	   at	   125	   oC	   for	   each	   of	   the	   three	   surface	   protection	  
processes.	  
	  
The	   surface	   parameters	   recorded	   for	   each	   detector	   type	   are	   shown	   in	   Table	   8.3.	  
These	  results	  again	  show	  that	  the	  plated	  detector	  cathode	  possessed	  the	  smoothest	  
and	  most	   consistent	   surface	   finish.	   The	  passivated	   cathode	  was	   found	   to	  have	  a	   a	  
more	  noticeably	  higher	  roughness	  than	  the	  plated	  detectors	  when	  compared	  to	  the	  
results	  obtained	  for	  the	  samples	  aged	  at	  room	  temperature.	  The	  raw	  detector	  was	  
found	  to	  produce	  a	  relatively	  rough	  and	  inconsistent	  internal	  surface.	  	  
	  
Table	  8.3	  
Surface	  Roughness	  Parameters	  from	  Detector	  Samples	  Aged	  at	  125	  oC	  
Detector	  Type	   Roughness	  Parameter	   Calculated	  Value	  (μm)	  
Plated	  Cathode	   Standard	  Deviation	   1.63	  
Passivated	  Cathode	   Standard	  Deviation	   2.57	  
Raw	  Cathode	   Standard	  Deviation	   3.06	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The	   Dektak	   surface	   profiler	   has	   allowed	   for	   the	   quantification	   of	   the	   surface	  
roughness	  for	  each	  type	  of	  detector.	  From	  the	  readings	  taken,	  it	  was	  noted	  that	  no	  
detector	   exhibited	   a	   perfectly	   smooth	   surface	   finish.	   The	   plated	   cathode	   surfaces	  
were	   found	   to	   have	   the	   least	   rough	   and	   most	   uniform	   surfaces	   throughout	   the	  
ageing	   investigations.	   However,	   the	   aged	   plated	   cathodes	   did	   appear	   to	   have	   a	  
rougher	   surface.	   The	   standard	   deviation	   increased	   from	   0.79	   μm	   up	   to	  
approximately	  1.60	  μm;	  the	  ageing	  temperature	  did	  not	  seem	  to	  have	  any	  significant	  
impact	  on	  the	  surface	  roughness.	  
	  
The	   passivated	   cathode	   surfaces	   were	   measured	   to	   be	   rougher	   than	   the	   plated	  
samples	  on	  all	  occasions.	  While	  ageing	  at	  room	  temperature	  did	  not	  seem	  to	  affect	  
the	  surface	  of	  the	  passivated	  cathodes,	  ageing	  at	  125	  oC	  showed	  an	  increase	  in	  the	  
measured	   roughness.	   This	   change	  was	   found	   to	   be	   an	   increase	   of	   0.75	   μm	   in	   the	  
calculated	  standard	  deviation.	  
	  
All	   raw	   cathode	   samples	   investigated	   produced	   the	   roughest	   surfaces	   of	   all	   three	  
protective	   surface	  preparation	   techniques.	  The	   roughness	  of	   the	   surfaces	  was	  also	  
found	   to	   get	   noticeably	   worse	   with	   age	   at	   both	   temperatures.	   The	   standard	  
deviations	  obtained	  at	  room	  temperature	  and	  at	  125	  oC	  were	  both	  found	  to	  be	  1.07	  
μm	  greater	  than	  the	  un-­‐aged	  raw	  cathode.	  	  
	  
When	   combining	   these	   results	   with	   all	   previous	   investigations	   undertaken	   as	   the	  
ZP1200	   samples	  were	   aged	   at	   room	   temperature	   and	   125	   oC,	   it	   can	   be	   suggested	  
that	   the	   surface	   finish	   does	   not	   degrade	   the	   lifetime	   or	   performance	   of	   the	  
detectors.	   That	   is,	   no	   correlation	   could	   be	   found	   between	   any	   changes	   in	   the	  
operational	   parameters	   and	   the	   changes	   in	   surface	   roughness.	   It	   should	   still	   be	  
noted	  that	  this	  can	  only	  be	  stated	  for	  the	  roughness	  limits	  measured.	  If	  the	  cathode	  
surfaces	   were	   to	   possess	   even	   rougher	   surfaces,	   the	   impact	   on	   detector	  
performance	  and	  lifetime	  might	  become	  more	  apparent.	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8.4	   Surface	  Analysis	  of	  Detector	  Anodes	  
Another	  detector	  component	  selected	  to	  investigate	  any	  reactions	  with	  the	  bromine	  
quench	  gas	  was	  the	  detector	  anode.	  The	  anodes	  for	  all	  detector	  types	  are	  identical	  
and	   only	   undergo	   an	   oxygen	   bombardment	   process;	   this	   is,	   equivalent	   to	   the	   raw	  
cathode	   protection	   process.	   Each	   anode	   consists	   of	   a	   thin	   446	   stainless	   steel	   rod	  
with	   an	   insulating	   glass	   bead	   at	   one	   end.	  Anode	  pins	   from	  un-­‐aged	  detectors	   and	  
detectors	  aged	  at	   room	  temperature	  and	  125	  oC	  were	  considered	   for	  analysis.	  The	  
first	  investigation	  was	  to	  image	  the	  metal	  anode	  and	  their	  corresponding	  glass	  beads	  
using	  the	  SEM.	  The	  results	  are	  shown	  in	  Figures	  8.13	  and	  Figures	  8.14	  respectively.	  
	  
 
Figures	  8.13:	  SEM	  image	  of	  the	  metal	  anode	  surface	  for:	  (a)	  –	  an	  un-­‐aged	  detector	  ,	  (b)	  –	  a	  detector	  
aged	   at	   room	   temperature	   to	   accumulate	   4.3	   x	   1010	   counts	   ,	   (c)	   –	   a	   detector	   aged	   at	   125	   oC	   to	  
accumulate	  2.1	  x	  1010	  counts.	  
	  
(a)	   (b)	  
(c)	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Figures	  8.14:	  SEM	  image	  of	  the	  anode	  glass	  bead	  for:	  (a)	  –	  an	  un-­‐aged	  detector	  ,	  (b)	  –	  a	  detector	  aged	  
at	  room	  temperature	  to	  accumulate	  4.3	  x	  1010	  counts	  ,	  (c)	  –	  a	  detector	  aged	  at	  125	  oC	  to	  accumulate	  
2.1	  x	  1010	  counts.	  
	  
After	   observing	   several	   anode	   pins	   through	   the	   SEM,	   no	   significant	   differences	   in	  
their	   general	   appearances	  were	   noticed.	   In	   one	   region	   of	   the	   un-­‐aged	   anode	   pin,	  
however,	   small	   dark	   spots	   were	   observed,	   as	   shown	   in	   Figure	   8.13	   (a).	   EDX	  
confirmed	   that	   these	   spots	   were	   high	   in	   carbon	   content;	   this	   was	   most	   likely	  
contamination	  picked	  up	  when	  preparing	   the	   anode	  pin	   for	   investigation.	  A	   larger	  
dark	  spot	  was	  observed	  in	  a	  single	  area	  of	  the	  anode	  pin	  aged	  at	  room	  temperature,	  
as	  shown	  in	  Figure	  8.13	  (b).	  When	  analysing	  this	  with	  the	  EDX	  attachment,	  the	  dark	  
region	  was	  found	  to	  contain	  3.35%	  by	  weight	  of	  bromine.	  No	  major	  differences	  were	  
observed	  between	  the	  un-­‐aged	  anode	  pins	  and	  the	  corresponding	  pins	  aged	  at	  125	  
oC.	  The	  pin	  aged	  at	  125	  oC,	  as	  shown	  in	  Figure	  8.13	  (c),	  did	  appear	  to	  be	  cleaner	  than	  
its	  un-­‐aged	  counterpart;	  however,	  this	  is	  most	  likely	  due	  to	  the	  sample	  preparation	  
process.	   When	   observing	   the	   glass	   anode	   beads,	   as	   shown	   in	   Figures	   8.14,	   all	  
samples	  appeared	  identical	  before	  and	  after	  ageing.	  That	  is,	  no	  unexpected	  deposits	  
were	  identified	  across	  the	  samples.	  	  
(c)	  
(b)	  (a)	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A	   full	   EDX	   analysis	  was	   then	   carried	   out	   on	   the	  metal	   pin	   samples	   and	   the	   anode	  
glass	   bead	   samples	   to	   try	   and	   find	   any	   bromine	   deposits	   on	   the	   samples	   aged	   at	  
room	   temperature	   and	   125	   oC.	   All	   samples	   were	   found	   to	   show	   no	   evidence	   of	  
bromine	   reactions	   with	   the	   glass	   bead	   or	   the	   anode	   pin.	   The	   EDX	   analysis	   of	   the	  
anode	   glass	   bead	   showed	   consistent	   readings	   for	   all	   samples	   investigated	   at	   both	  
room	  temperature	  and	  125	  oC.	  The	  main	  constituents	  were	  found	  to	  be,	  on	  average,	  
(63.4	  ±	  0.5)%	  by	  weight	  of	  oxygen,	  (17.5	  ±	  0.5)%	  by	  weight	  of	  silicon,	  (7.8	  ±	  0.5)%	  by	  
weight	  of	  lead	  and	  (11.3	  ±	  0.5)%	  by	  weight	  of	  carbon.	  The	  relatively	  high	  quantity	  of	  
carbon	   detected	   is	   thought	   to	   be	   due	   to	   handling	   of	   the	   glass	   beads	   during	   the	  
analysis	  setup.	  All	  other	  elements	  presents	  were	  expected	  due	  to	  the	  composition	  of	  
the	  lead-­‐glass	  used.	  
	  
The	  elemental	  compositions	  for	  the	  anode	  pin	  remained	  unchanged	  with	  age	  at	  both	  
temperatures.	  Average	  contents	  of	  (27.7	  ±	  0.1)%	  by	  weight	  of	  chromium	  and	  (63.4	  ±	  
0.5)%	   by	   weight	   of	   iron	   were	   detected	   across	   the	   surface	   of	   the	   pin.	   Lesser	  
quantities	  (<2%	  by	  weight)	  of	  manganese,	  silicon	  and	  carbon	  were	  also	  detected.	  No	  
bromine	  was	   detected	   in	   the	   different	   regions	   considered.	   These	   quantities	   agree	  
well	  with	  the	  typical	  composition	  of	  the	  446	  stainless	  steel	  used.	  The	  average	  oxygen	  
content	   across	   the	   anode	   surfaces	   of	   (5.1	   ±	   0.5)%	   by	   weight	   was	   also	   found	   to	  
remain	   unchanged	   with	   age	   and	   temperature.	   These	   amounts	   agreed	   with	   the	  
findings	   in	   Section	   8.2.3	   for	   steel	   surfaces	   prepared	   using	   the	   raw	   protective	  
process.	  As	  the	  investigation	  of	  the	  anode	  components	  showed	  no	  increasing	  traces	  
of	  bromine	  with	  age,	  it	  can	  be	  suggested	  that	  no	  significant	  reactions	  occurred	  with	  
the	  quench	  gas.	  The	  dark	  spot	  in	  Figure	  8.13	  (b)	  found	  to	  contain	  bromine	  seemed	  to	  
suggest	   otherwise,	   however,	   because	   no	   other	   bromine	   was	   observed,	   its	   cause	  
cannot	  be	  determined	  without	  further	  investigation.	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9.	   Key	  Findings	  and	  Achievements	  
9.1	   Structure	  of	  Chapter	  
This	   chapter	  will	   highlight	   and	   discuss	   the	   findings	   from	   the	   investigations	   on	   the	  
effectiveness	   of	   different	   protective	   processes	   used	   to	   preserve	   GM	   detector	  
performance	   lifetimes.	   Section	   9.2	   will	   commence	   by	   discussing	   the	   preliminary	  
conclusions	  of	  the	  contamination	  research	  presented	   in	  Chapter	  6.	  Section	  9.3	  will	  
discuss	  any	  changes	  in	  the	  operational	  parameters	  with	  detector	  age	  of	  the	  Geiger-­‐
Müller	  samples	  investigated;	  these	  results	  were	  discussed	  in	  Chapter	  7.	  Section	  9.4	  
will	  show	  the	  findings	  observed	  from	  the	  surface	  characterisation	   investigations	  on	  
the	  detector	   samples	  discussed	   in	  Chapter	   8.	   This	   chapter	  will	   then	   conclude	  with	  
Section	  9.5;	  this	  section	  will	  focus	  on	  the	  goals	  of	  the	  EngD	  project	  and	  discuss	  how	  
the	  research	  was	  conducted	  to	  achieve	  them.	  
	  
9.2	   Important	  Considerations	  in	  Gas-­‐Filled	  Detector	  Design	  
The	   planned	   investigations	   into	   the	   effect	   of	   contaminants	   on	   gas-­‐filled	   radiation	  
detectors	   were	   undertaken	   in	   two	   phases.	   The	   initial	   research	   was	   carried	   out	   in	  
collaboration	  with	  the	  ILL	  in	  Grenoble,	  France.	  This	  was	  achieved	  by	  assisting	  in	  the	  
cleaning	   and	   assembly	   procedure	   of	   a	   large	   multi-­‐wire	   neutron	   detector.	   During	  
these	  investigations,	  the	  potential	  impact	  of	  contamination	  was	  witnessed.	  This	  was	  
most	  notably	  observed	  in	  the	  form	  of	  moisture.	  The	  moisture	  found	  to	  be	  present	  on	  
the	   detector	   electronics	   caused	   severe	   electrical	   breakdown	   problems	   and	   visible	  
sparking	  as	  the	  applied	  voltage	  was	  increased.	  As	  a	  result,	  further	  steps	  were	  taken	  
to	   reduce	   the	  moisture	   level.	   Another	   undesirable	   contaminant	  was	   dust	   entering	  
the	  detector	   tubes	   from	  the	  environment.	  Due	   to	   the	   thinness	  of	   the	  anode	  wires	  
used,	  any	  dust	  present	  in	  the	  high	  voltage	  would	  damage	  the	  anode	  irreparably.	  It	  is	  
for	   this	   reason	   that	   all	   detector	   assemblies	   are	   carried	   out	   in	   dust-­‐free	  
environments.	  A	  final	  important	  finding	  obtained	  from	  the	  ILL	  collaboration	  was	  the	  
careful	  consideration	  of	  a	  detector’s	  design	  features.	  On	  some	  occasions,	  a	  tracking	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path	   can	  be	  accidentally	   created	  between	  a	   cathode	  and	   its	   corresponding	  anode;	  
this	  will	  completely	  compromise	  the	  required	  performance	  of	  the	  detector.	  
	  
Despite	  being	  operated	  in	  a	  proportional	  mode,	  the	  insight	  gained	  from	  investigating	  
the	  ILL	  detector	  cold	  be	  applied	  to	  the	  development	  of	  Geiger-­‐Müller	  samples.	  This	  is	  
due	   to	   both	   types	   of	   detectors	   employing	   a	   fill	   gas	   mixture	   as	   a	   detection	  
mechanism.	  The	  second	  phase	  of	   the	  contamination	   investigations	  was	  carried	  out	  
at	   Centronic	   Ltd.,	   Croydon	   when	   preparing	   the	   relevant	   Geiger	   samples.	   Each	  
process	  carried	  out	  for	  each	  of	  the	  protective	  processes	  utilised	  was	  considered.	  The	  
plating	  procedure	   carried	  out	   at	   Centronic	   could	   introduce	   an	  undesirable	   finish	   if	  
incorrect	   solution	   concentrations	   and	   plating	   currents	   are	   used,	  with	   the	   negative	  
impact	   of	   such	   parameters	   discussed	   in	   [65	   –	   Plating	   Resources	   Inc.].	   The	   main	  
source	  of	  contamination,	  however,	   is	  thought	  to	  be	  during	  the	  pumping	  process	  of	  
the	  detectors.	  Contamination	   in	   the	   fill	   gas	   can	   compromise	   the	  performance	  of	   a	  
detector,	   but	   the	   gases	  used	  are	   always	  of	   extremely	  high	  purity	   (>	   99.99	  %).	   The	  
steel	   pumping	  manifolds	  must	   also	   be	   routinely	   cleaned	   to	   remove	   any	   impurities	  
introduced	  from	  the	  back	  streaming	  of	  vacuum	  pump	  oils	  or	  chemical	  reactions	  with	  
the	   quench	   gas	   used.	   The	   presence	   of	   these	  mentioned	   contaminants	   seemed	   to	  
affect	   the	   Geiger	   operational	   parameters.	   With	   the	   necessity	   to	   eliminate	  
contamination	  clearly	  apparent,	  tracing	  its	  origin	  and	  reducing	  its	  amount	  becomes	  
paramount.	  
	  
9.3	   Operational	  Parameters	  of	  Geiger-­‐Müller	  Detectors	  with	  Age	  
Three	   protective	   mechanisms	   on	   the	   internal	   surfaces	   of	   ZP1200	   GM	   detector	  
cathodes	  were	  investigated.	  The	  aim	  of	  this	  research	  was	  to	  study	  the	  ability	  of	  each	  
process	   to	   retain	   the	   desired	   operational	   parameters	   with	   detector	   age	   and	   at	  
different	   temperatures.	   Such	   operational	   parameters	   are	   linked	   to	   the	   amount	   of	  
quench	   gas	   remaining	   in	   the	   Geiger-­‐Müller	   detector.	   At	   room	   temperature,	   all	  
detector	   samples	   were	   aged	   to	   accumulate	   a	   total	   of	   5.7	   x	   1010	   counts.	   The	  
passivated	   and	   raw	   samples	   were	   found	   to	   exhibit	   no	   significant	   changes	   in	   their	  
operational	   parameters	   with	   detector	   age.	   However,	   for	   the	   chromium-­‐plated	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samples,	   it	  was	   found	   that	   the	   starting	   voltages	   seemed	   to	   increase	  with	  age;	   this	  
increase	  was	  not	  found	  to	  be	  linear	  and	  seemed	  to	  reduce	  as	  the	  detectors	  became	  
more	   aged.	  While	   initially	   unexpected,	   this	   phenomenon	   is	   thought	   to	   be	   due	   to	  
some	   residual	   contamination	   trapped	   in	   the	   plating	   layer.	   The	   increasing	   starting	  
voltage	  suggests	  that	  this	  contaminant	  acts	  as	  a	  quench	  gas;	  one	  possibility	  could	  be	  
some	   oxygen	   trapped	   in	   the	   cracked	   plating	   layer	   during	   the	   processing	   phase.	  
Oxygen	   is	   a	   highly	   electronegative	  molecule	   that	  will	   attract	   any	   free	   electrons	   in	  
proximity.	  As	  such,	  greater	  voltages	  will	  need	  to	  be	  applied	  to	  give	  the	  free	  electrons	  
enough	  energy	  to	  overcome	  the	  attraction	  to	  any	  oxygen	  present.	  Despite	  the	  initial	  
rise	   in	   the	   starting	   voltage	   values,	   all	   other	   operational	   parameters	   for	   the	   plated	  
detector	   samples	   remained	  unchanged	  with	  age.	  From	  the	  observed	   results,	   it	   can	  
be	   concluded	   that	   all	   three	   of	   the	   Geiger	   protective	  mechanisms	   investigated	   are	  
effective	   at	  maintaining	   the	  detector	   performance	   characteristics	   throughout	   their	  
investigatory	  lifetimes	  at	  room	  temperature.	  
	  
The	  detector	  samples	  held	  at	  125	  oC	  were	  aged	  to	  accumulate	  a	  total	  of	  3.3	  x	  1010	  
counts.	   The	  plated	  detector	   samples	   again	  exhibited	  an	   initial	   rise	   in	   their	   starting	  
voltage.	   However,	   unlike	   at	   room	   temperature,	   at	   125	   oC	   the	   rise	   in	   the	   starting	  
voltages	   with	   age	   was	   relatively	   rapid	   and	   the	   values	   stabilized	   soon	   after.	   The	  
additional	  thermal	  energy	  introduced	  from	  the	  increase	  in	  temperature	  is	  thought	  to	  
contribute	   to	   a	   more	   rapid	   release	   of	   any	   trapped	   contaminants.	   All	   other	  
operational	  parameters	  remained	  unchanged	  for	  the	  plated	  samples	  aged	  at	  125	  oC.	  
The	   passivated	   detector	   samples	   showed	   a	   drop	   in	   their	   starting	   voltages.	   This	  
seemed	  to	  suggest	  a	  noticeable	  depletion	  in	  the	  halogen	  quench	  gas.	  When	  studying	  
the	  other	  operational	  parameters,	  25%	  of	  the	  detector	  samples	  had	  Geiger	  plateaus	  
that	  lost	  their	  shape	  as	  they	  were	  aged.	  The	  raw	  detector	  samples	  showed	  a	  minimal	  
drop	   in	   their	   starting	   voltages.	   The	   other	   operational	   parameters	   were	   found	   to	  
remain	  unchanged	  with	  age.	   The	  acquired	   results	   suggest	   that	   the	   raw	  and	  plated	  
detector	   samples	   possessed	   stable	   lifetime	   performances	   at	   up	   to	   125	   oC.	   The	  
passivated	  samples,	  however,	  showed	  early	  signs	  of	  performance	  deterioration.	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Changes	  in	  the	  Vs	  reading	  of	  a	  GM	  detector	  are	  known	  to	  be	  caused	  due	  to	  changes	  
in	   the	   quench	   gas	   concentration.	   However,	   from	   the	   investigations	   carried	   out,	  
monitoring	  the	  Vs	  changes	  alone	  was	  not	   found	  to	  be	  an	  accurate	  portrayal	  of	   the	  
detector	  performance	  with	  age.	  All	  the	  passivated	  samples	  showed	  a	  drop	  in	  their	  Vs	  
values	   at	   125	   oC,	   however,	   only	   25%	   of	   the	   Geiger	   plateaus	   showed	   evidence	   of	  
performance	   degradation	   in	   the	   form	   of	   increasing	   plateau	   slopes	   with	   age.	  
Conversely,	  the	  raw	  detectors	  showed	  no	  evidence	  of	  any	  performance	  degradation	  
at	  125	  oC,	  yet	  all	  the	  corresponding	  Vs	  readings	  were	  found	  to	  drop.	  As	  such,	  while	  
the	  Vs	  provides	  a	  rough	  indication	  that	  a	  change	  has	  occurred,	  it	  cannot	  be	  used	  to	  
qualify	   the	  effectiveness	  of	   each	   technique	  without	   considering	   the	   remaining	  GM	  
operational	  parameters.	  	  
	  
9.4	   Surface	  Characterisation	  of	  Geiger-­‐Müller	  Detectors	  with	  Age	  
The	  internal	  surfaces	  of	  several	  internal	  detector	  components	  were	  studied	  to	  better	  
comprehend	   the	   depletion	   mechanism	   of	   the	   halogen	   quench	   gas.	   At	   room	  
temperature,	  no	  evidence	  of	   increasing	  reactions	  between	  the	  quench	  gas	  and	  the	  
internal	  cathodes	  and	  anodes	  of	  the	  samples	  was	  observed.	  Traces	  of	  bromine	  only	  
detected	  on	  the	  passivated	  and	  raw	  Geiger-­‐Müller	  cathode	  samples	  suggested	  that	  
the	   resistance	   to	   reactions	   was	   superior	   for	   the	   plated	   samples.	   However,	   the	  
quantity	  of	  bromine	  did	  not	  appear	  to	  be	  linked	  to	  the	  age	  of	  the	  detector	  samples.	  
An	   identical	   set	   of	   findings	   were	   also	   observed	   for	   the	   cathodes	   of	   the	   detectors	  
aged	  at	  125	  oC;	  only	  the	  passivated	  and	  raw	  samples	  showed	  evidence	  of	  bromine	  on	  
their	  cathode	  surfaces.	  Several	  detector	  anode	  pins	  were	  investigated	  and,	  for	  both	  
the	   room	   temperature	   and	   125	   oC	   samples,	   no	   consistent	   bromine	   traces	   or	   any	  
evidence	  of	  reactions	  with	  the	  quench	  gas	  was	  measured	  with	  increasing	  age.	  
	  
These	  findings	  agree	  with	  the	  plated	  Geiger	  operational	  parameters	   investigated	  at	  
room	   temperature	   that	   showed	   no	   significant	   changes	   with	   time.	   However,	   the	  
passivated	  and	  detectors	  aged	  at	  125	  oC	  showed	  evidence	  of	  quench	  gas	  depletion;	  
this	  trend	  was	  not	  replicated	  in	  the	  surface	  analysis	   investigations.	  [54	  –	  D.	  Morin]	  
has	  shown	  that	  such	  characterisation	  techniques	  are	  capable	  of	  identifying	  bromine	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deposits	  in	  GM	  detectors	  after	  ageing.	  Although	  Morin’s	  investigations	  used	  samples	  
with	  more	  bromine	  quench	  gas,	  the	  difference	  in	  bromine	  molecules	  is	  still	  expected	  
to	   be	   of	   the	   same	  order	   of	  magnitude.	   That	   is,	   after	   taking	   the	   different	   detector	  
volumes	  and	  gas	  pressures	  into	  account,	  Morin’s	  samples	  were	  expected	  to	  contain	  
roughly	  up	  to	  10	  times	  more	  bromine	  content	  than	  the	  ZP1200	  detectors.	  As	  traces	  
of	   bromine	   were	   successfully	   detected	   through	   the	   SEM/EDX	   analysis,	   it	   is	   not	  
thought	  to	  be	  due	  the	  technique’s	  limitations.	  The	  lack	  of	  any	  increasing	  quench	  gas	  
interaction	  byproducts	  thus	  suggests	  that	  either	  too	  little	  reactions	  have	  taken	  place,	  
or	  that	  the	  quench	  gas	  might	  be	  interacting	  with	  other	  components.	  
	  
Using	   the	   Dektak	   8	   surface	   profilometer	   available	   at	   the	   University	   of	   Surrey,	   the	  
roughness	  of	  the	  internal	  cathode	  surfaces	  was	  studied	  for	  each	  protection	  process.	  
The	   raw	   cathodes	   were	   found	   to	   possess	   the	   roughest	   surfaces	   before	   and	   after	  
ageing	   at	   both	   temperatures.	   The	   plated	   cathode	   surfaces	   were	   found	   to	   be	   the	  
smoothest,	   with	   the	   passivated	   cathodes	   exhibiting	   roughness	   measurements	   in	  
between	  both.	  It	  was	  also	  noted	  that	  the	  roughness	  seemed	  to	  increase	  by	  the	  end	  
of	   the	   ageing	   procedure.	   In	   all	   cases,	   however,	   the	   roughness	   did	   not	   show	   any	  
relation	  to	  the	  operational	  parameters	  of	  the	  GM	  detectors	  with	  age.	  	  
	  
9.5	   Final	  Conclusions	  
The	  aim	  of	   this	   research	  was	  to	  study	  the	  effectiveness	  of	   three	  different	  halogen-­‐
resistant	  surface	  protection	  processes	  used	  to	  produce	  stable	  detector	  performance	  
characteristics	   over	   the	   lifetimes	   of	   GM	  dectectors	   at	   temperatures	   up	   to	   125	   oC.	  
The	   three	   different	   protective	   processes	   used	   to	   prevent	   the	   depletion	   of	   the	  
quench	  gas	  were	  labeled	  as	  plated	  samples,	  passivated	  samples	  and	  raw	  samples.	  At	  
room	   temperature,	   all	   three	   processes	   were	   deemed	   to	   be	   effective,	   as	   they	  
produced	   GM	   detectors	   with	   stable	   performance	   characteristics	   over	   the	   ageing	  
period.	  With	  no	  significant	  changes	   in	  any	  of	   the	  operational	  parameter	  studied,	   it	  
was	  thus	  suggested	  that	  no	  noticeable	  quench	  gas	  reactions	  had	  occurred	  with	  the	  
internal	   detector	   components.	  When	   aged	   at	   125	   oC,	   the	   plated	   and	   raw	   samples	  
produced	  stable	  operating	  parameters	  over	  the	  entire	  ageing	  period.	  The	  passivated	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detector	  samples,	  however,	  did	  show	  a	  drop	  in	  their	  performance	  as	  they	  were	  aged	  
and	  were	  not	  considered	  to	  be	  as	  effective.	   It	  was	  noticed	  that	  the	  Vs	  readings	  for	  
the	   raw	   samples	   did	   change	   with	   age;	   however,	   as	   the	   other	   GM	   operational	  
parameters	   were	   found	   to	   remain	   constant	   with	   age,	   it	   was	   considered	   to	   be	   an	  
effective	   protective	   process.	   The	   observed	   drops	   in	   Vs	   for	   the	   un-­‐plated	   raw	   and	  
passivated	  samples	  suggested	  that	  some	  quench	  gas	  depletion	  might	  have	  occurred	  
at	  125	  oC.	  The	   lack	  of	  any	  significant	  changes	   in	   the	  operational	  parameters	  of	   the	  
plated	   detector	   samples	  with	   age	   suggests	   that	   the	   chromium	   layer	  was	   suited	   to	  
resisting	  halogen-­‐corrosion	  and	  temperatures	  up	  to	  125	  oC.	  
	  
The	  depletion	  mechanism	  of	  the	  halogen	  gas	  present	  in	  Geiger-­‐Müller	  detectors	  was	  
also	   investigated	  by	  analysing	   the	   internal	   cathode	   surfaces	   and	  anodes	  of	   several	  
detector	   samples.	   While	   the	   investigations	   showed	   traces	   of	   bromine	   on	   the	  
passivated	  and	  raw	  detector	  components,	  no	  evidence	  was	  observed	  of	  any	  change	  
in	   the	   bromine	   content	   with	   age	   at	   both	   temperatures	   studied.	   The	   lack	   of	   any	  
increasing	  bromine	  might	  suggest	  that	  not	  enough	  reactions	  had	  occurred	  between	  
the	  quench	  gas	  and	  the	  cathode	  and	  anode	  surfaces.	  It	  can	  thus	  be	  concluded	  that	  
all	   three	   protective	   methods	   prevented	   rapid	   depletion	   of	   the	   quench	   gas	   via	  
reactions	   with	   the	   cathodes	   and	   anode	   pins.	   It	   is	   important	   to	   note	   that	   these	  
conclusions	   are	   applicable	   over	   the	   temperature	   ranges	   and	   ageing	   periods	  
considered	   throughout	   the	   investigations.	  Operating	   the	  detector	   samples	   in	  more	  
extreme	   dose	   rates	   or	   under	   significantly	   higher	   temperatures	   may	   hasten	   the	  
performance	  degradation	  of	  any	  GM	  detectors.	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10.	   Geiger-­‐Müller	  Detector	  Ageing	  at	  175	  oC	  
10.1	   Structure	  of	  Chapter	  
This	   chapter	   will	   introduce	   the	   preliminary	   work	   that	   has	   been	   carried	   out	   at	   a	  
higher	  temperature	  of	  175	  oC	  for	  some	  GM	  detector	  samples	  prepared	  using	  each	  of	  
the	  three	  protection	  processes	  under	   investigation.	  Section	  10.2	  will	   introduce	  the	  
objectives	  of	  this	  preliminary	  work	  and	  the	  reasoning	  behind	  why	  it	  was	  carried	  out.	  
Section	   10.3	   will	   then	   highlight	   the	   changes	   observed	   in	   the	   starting	   voltage	   (Vs)	  
values	   of	   the	   detectors	   aged	   at	   175	   oC.	   This	   will	   help	   to	   try	   and	   understand	   the	  
depletion	  of	  bromine	  quench	  gas	  for	  each	  detector	  type.	  Section	  10.4	  will	  show	  the	  
Geiger	  plateau	  plots	   for	   all	   samples	  with	   increasing	   age	   to	   study	   any	  performance	  
degradation	  with	  age.	  Section	  10.5	  will	  quantify	  the	  performance	  changes	  observed	  
in	   the	  Geiger	  plateaus	  by	  presenting	   the	  slope	  calculations	  at	  each	  ageing	   interval.	  
Section	  10.6	  will	  discuss	  the	  operating	  count	  rate	  and	  ambient	  count	  rate	  readings	  
recorded	  for	  all	  samples.	  These	  results	  will	  highlight	  the	  impact	  that	  ageing	  at	  175	  oC	  
had	   on	   the	   operational	   performance	   of	   the	   GM	   detectors.	   The	   chapter	   will	   then	  
conclude	  with	  Section	  10.7	  that	  will	  present	  work	  that	  has	  been	  carried	  out	  in	  order	  
to	   establish	   a	  means	   of	   analysing	   and	   quantifying	   changes	   of	   the	  GM	   fill	   gas	  with	  
age.	  
	  
10.2	   Preliminary	  Ageing	  Investigations	  at	  175	  oC	  
The	  oil	  and	  gas	  industry	  often	  has	  requirements	  for	  radiation	  detectors	  to	  operate	  at	  
temperatures	  as	  high	  as	  175	  oC.	  To	  test	   the	  effectiveness	  of	   the	  plated,	  passivated	  
and	   raw	   detectors	   samples	   at	   this	   higher	   temperature,	   the	   GM	   operational	  
parameters	  were	  monitored	  as	  several	  samples	  were	  aged.	  At	  175	  oC,	  the	  detectors	  
were	  aged	  to	  accumulate	  a	  total	  of	  1.2	  x	  1010	  counts	  in	  the	  environmental	  chamber.	  
It	  is	  anticipated	  for	  any	  performance	  deterioration	  in	  the	  GM	  detector	  samples	  to	  be	  
significantly	  quicker	  at	  even	  higher	  temperatures.	  As	  a	  result,	   it	  was	  hoped	  for	  any	  
differences	  in	  the	  effectiveness	  of	  each	  protective	  process	  under	  investigation	  to	  be	  
more	  easily	  distinguishable	  at	  175	  oC.	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Due	   to	   the	   preliminary	   nature	   of	   these	   175	   oC	   investigations,	   there	   are	   a	   few	  
limitations	  and	  differences	  with	  respect	  to	  the	  research	  carried	  out	  and	  discussed	  in	  
Chapter	   7.	   These	   include	   the	   discrepancy	   in	   the	   temperatures	   the	   samples	   have	  
been	  subjected	  to.	  The	  samples	  aged	  at	  175	  oC	  have	  also	  been	  previously	  subjected	  
to	   temperatures	  of	   125	   oC	  beforehand.	   In	   addition,	   the	   focus	  of	   these	  preliminary	  
studies	  was	  on	   the	  performance	  changes	   in	   the	  detector	   samples	  and,	  as	   such,	  no	  
surface	  characterisation	  analysis	  was	  performed.	  	  
10.3	   Starting	  Voltage	  Measurements	  
At	   175	   oC,	   the	   plated	   detector	   samples	   were	   monitored	   to	   the	   compare	   their	   Vs	  
values	  with	  age.	  The	  obtained	  results	  are	  shown	  in	  Figure	  10.1.	  
	  
	  
Figure	  10.1:	  Starting	  voltages	  measured	  with	  age	  for	  the	  plated	  ZP1200	  detector	  samples	  at	  175	  oC.	  
The	  uncertainty	  in	  each	  measurement	  is	  ±2	  volts.	  
	  
Over	  an	  ageing	  period	  of	  1.2	  x	  1010	  counts,	   the	  plated	  samples	  exhibited	  a	  gradual	  
decrease	  in	  their	  measured	  starting	  voltage	  values.	  The	  spread	  in	  the	  Vs	  readings	  for	  
the	   different	   detectors	   is	   expected	   to	   be	   a	   consequence	   of	   the	   processing	   of	   the	  
samples.	  The	  average	  drop	  in	  Vs	  was	  found	  to	  be	  (8	  ±	  2)	  V,	  with	  a	  standard	  deviation	  
of	  6	  V.	  These	  plated	  detector	  Vs	  plots	  were	  also	  the	  first	  to	  show	  no	  initial	  increase	  in	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the	  measured	  Vs.	  This,	  however,	  is	  expected	  to	  be	  due	  to	  these	  samples	  having	  been	  
held	  at	  125	  oC	  prior	   to	   these	   investigations.	  Because	   the	   increase	   in	  Vs	  might	  be	  a	  
result	  of	  trapped	  contaminants	  in	  the	  cracks	  of	  the	  plating	  layer,	  the	  initial	  increase	  
might	  have	  already	  occurred	  before	  the	  Vs	  measurements.	  	  It	  was	  also	  noticed	  that	  
the	  average	  drop	  in	  Vs	  at	  175	  oC	  was	  found	  to	  be	  approximately	  11	  V	  more	  than	  at	  
125	  oC	  in	  a	  shorter	  ageing	  period;	  this	  is	  because	  the	  samples	  at	  125	  oC	  showed	  an	  
average	  increase	  of	  (3.3	  ±	  0.7)	  V.	  The	  drop	  in	  Vs	  measured,	  however,	  suggested	  that	  
some	  quench	  gas	  depletion	  had	  occurred	  within	  the	  plated	  samples.	  
	  
The	  passivation	  process	  was	  also	  investigated	  at	  175	  oC.	  Passivated	  detector	  samples	  
were	  similarly	  aged	  at	   this	   temperature	  to	  accumulate	  a	  total	  of	  1.2	  x	  1010	  counts;	  
the	  Vs	  readings	  with	  age	  were	  routinely	  monitored.	  The	  resulting	  Vs	  plots	  are	  shown	  
in	  Figure	  10.2.	  
	  
	  
Figure	  10.2:	  Starting	  voltages	  measured	  with	  age	  for	  the	  passivated	  ZP1200	  detector	  samples	  at	  175	  
oC.	  The	  uncertainty	  in	  each	  measurement	  is	  ±2	  volts.	  
	  
The	  general	  trend	  observed	  for	  the	  passivated	  detectors’	  Vs	  values	  was	  a	  decrease	  
with	  age.	  The	  average	  drop	  between	  the	  initial	  and	  final	  Vs	  values	  was	  calculated	  to	  
be	  (13	  ±	  3)	  V,	  with	  a	  standard	  deviation	  of	  7	  V.	  While	  this	  Vs	  drop	  was	  comparable	  to	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the	  change	  in	  Vs	  values	  at	  125	  oC,	  the	  change	  when	  ageing	  at	  175	  oC	  occurred	  in	  a	  
third	  of	  the	  ageing	  period.	  That	  is,	  the	  125	  oC	  detectors	  were	  aged	  to	  accumulate	  3.3	  
x	  1010	  counts,	  while	  the	  175	  oC	  samples	  only	  acquired	  a	  total	  of	  1.2	  x	  1010	  counts.	  It	  
can	   thus	   be	   suggested	   that	   the	   quench	   gas	   depletion	   linked	   to	   the	   measured	   Vs	  
drops	  occurs	  more	  rapidly	  at	  175	  oC.	  
	  
Raw	  detector	  samples	  were	  also	  aged	  at	  175	  oC	  to	  consider	  the	  effectiveness	  of	  the	  
protective	   process.	   These	   samples	   were	   placed	   in	   the	   environmental	   chamber	   to	  
measure	   any	   changes	   in	   their	   Vs	   values.	   The	   Vs	   values	   as	   the	   raw	   GM	   detectors	  
samples	  accumulated	  a	  total	  of	  1.2	  x	  1010	  counts	  are	  shown	  in	  Figure	  10.3.	  
	  
	  
Figure	  10.3:	  Starting	  voltages	  measured	  with	  age	  for	  the	  raw	  ZP1200	  detector	  samples	  at	  175	  oC.	  The	  
uncertainty	  in	  each	  measurement	  is	  ±2	  volts.	  
	  
As	   the	   raw	   detector	   samples	   were	   aged	   at	   175	   oC,	   a	   general	   decrease	   in	   the	   Vs	  
values	  was	  observed.	  The	  average	  drop	  in	  Vs	  was	  calculated	  to	  be	  (9	  ±	  2)	  V,	  with	  a	  
standard	  deviation	  of	  6	  V.	  This	  change	  in	  Vs	  suggests	  that	  a	  depletion	  of	  the	  bromine	  
quench	   gas	   has	   also	   occurred.	   While	   similar	   changes	   were	   observed	   for	   the	   raw	  
samples	  aged	  at	  125	  oC,	  the	  changes	  at	  175	  oC	  again	  occurred	  over	  a	  shorter	  ageing	  
period.	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To	   quantify	   and	   compare	   the	   Vs	   reduction	   at	   125	   oC	   and	   175	   oC,	   the	   percentage	  
changes	   throughout	   the	   ageing	   periods	  were	   considered.	   The	   average	   Vs	   changes	  
calculated	  for	  the	  samples	  aged	  at	  125	  oC	  and	  the	  samples	  aged	  at	  175	  oC	  are	  shown	  
in	  Table	  10.1.	  
	  
Table	  10.1:	  Vs	  Changes	  for	  Different	  GM	  Samples	  Aged	  at	  125	  oC	  and	  175	  oC	  
Sample	  Type	  
Ageing	  
Temperature	  
Total	  Counts	  
Accumulated	  
Average	  Voltage	  
Change	  (%)	  
Plated	  detectors	   125	  oC	   3.3	  x	  1010	  cts	   (1	  ±	  1)%	  increase	  
Plated	  detectors	   175	  oC	   1.2	  x	  1010	  cts	   (2	  ±	  1)%	  decrease	  
Passivated	  detectors	   125	  oC	   3.3	  x	  1010	  cts	   (3	  ±	  1)%	  decrease	  
Passivated	  detectors	   175	  oC	   1.2	  x	  1010	  cts	   (4	  ±	  1)%	  decrease	  
Raw	  detectors	   125	  oC	   3.3	  x	  1010	  cts	   (2	  ±	  1)%	  decrease	  
Raw	  detectors	   175	  oC	   1.2	  x	  1010	  cts	   (3	  ±	  1)%	  decrease	  
	  
From	  the	  acquired	  results,	  the	  quicker	  change	  at	  the	  higher	  temperature	  of	  175	  oC	  in	  
the	  Vs	  readings	  was	  noticeable	  when	  compared	  to	  the	  results	  taken	  from	  the	  125	  oC	  
investigations.	   All	   three	   detector	   types	   at	   175	   oC	   exhibited	   a	   decrease	   in	   their	   Vs	  
measurements,	   with	   the	   plated	   samples	   showing	   the	   lowest	   change	   and	   the	  
passivated	  samples	  showing	  the	  largest	  change.	  
	  
However,	  as	  these	  detector	  samples	  had	  all	  been	  aged	  previously	  at	  125	  oC,	  an	  initial	  
Vs	  drop	  also	  occurred	  before	  the	  175	  oC	  ageing	  process	  that	  must	  be	  considered.	  The	  
combined	  Vs	  changes	  are	  shown	  in	  Table	  10.2.	  
	  
Table	  10.2:	  Vs	  Change	  of	  Detector	  Samples	  Aged	  at	  175	  oC	  
Sample	  Type	  
Average	  Start	  Vs	  
(volts)	  
Total	  Drop	  in	  Vs	  
(volts)	  
Percentage	  Change	  in	  Vs	  
Plated	  detectors	   (314	  ±	  2)	   (3	  ±	  2)	   -­‐(1	  ±	  1)%	  
Passivated	  detectors	   (318	  ±	  2)	   (24	  ±	  2)	   -­‐(7	  ±	  1)%	  
Raw	  detectors	   (313	  ±	  2)	   (14	  ±	  2)	   -­‐(5	  ±	  1)%	  
Page	  135	  	  
The	  plated	  detectors	  showed	  only	  a	  (1	  ±	  1)%	  drop	  in	  their	  starting	  Vs	  values	  recorded	  
after	   production;	   although	   a	   larger	   drop	   was	   witnessed	   from	   the	   175	   oC	   ageing	  
results,	  the	  plated	  detectors	  had	  exhibited	  a	  slight	  rise	  in	  their	  Vs	  readings	  when	  held	  
at	  125	  oC	  and	  before	  the	  175	  oC	  had	  commenced.	  The	  passivated	  and	  raw	  samples,	  
however,	   showed	   significantly	   greater	   drops	   of	   (7	   ±	   1)%	   and	   (5	   ±	   1)%	   respectively.	  
These	   results	   suggest	   that,	   at	   175	   oC,	   the	  passivated	  and	   raw	  detectors	   suffered	  a	  
greater	  loss	  of	  quench	  gas	  when	  compared	  to	  the	  plated	  detectors.	  
	  
10.4	   Geiger	  Plateau	  Plot	  Measurements	  
During	  the	  ageing	  of	  the	  GM	  detector	  samples	  at	  175	  oC,	  the	  detector	  plateau	  plots	  
were	  routinely	  recorded	  with	  detector	  age.	  This	  section	  will	  explore	  the	  qualitative	  
performance	   trends	   shown	   in	   the	   acquired	   plateau	   plots.	   A	   more	   quantitative	  
analysis	   using	   the	   calculated	   Geiger	   plateau	   slopes	   will	   be	   considered	   in	   Section	  
10.5.	  
	  
All	  plateaus	  were	  measured	  at	  room	  temperature.	  A	  set	  of	  baseline	  plateau	  plots	  for	  
the	   plated	   detector	   samples	   were	   recorded	   before	   being	   aged	   at	   175	   oC.	   These	  
baseline	  results	  are	  shown	  below	  in	  Figure	  10.4	  (a).	  	  
	  
	  
Figures	  10.4:	  Geiger	  plateau	  plots	  for	  the	  plated	  ZP1200	  detector	  samples	  at	  175	  oC.	  (a)	  –	  at	  the	  start	  
of	  ageing	  ;	  (b)	  –	  after	  accumulating	  1.20	  x	  1010	  counts.	  
	  
The	  majority	  of	   the	  plated	  detectors	  were	   found	  to	  produce	  flat	  plateaus	  between	  
the	  voltage	  range	  of	  400	  V	  to	  750	  V.	  Additional	  Geiger	  plateau	  plots	  were	  recorded	  
towards	  the	  end	  of	  the	  ageing	  process.	  These	  plateaus	  obtained	  after	  accumulating	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1.2	   x	   1010	   counts	   are	   shown	   in	  Figure	   10.4	   (b).	   The	   aged	  plated	  detectors	  did	  not	  
show	  significant	  changes	  in	  their	  plateau	  plots	  after	  being	  aged	  at	  175	  oC.	  There	  was,	  
however,	   a	  noticeable	  drop	   in	   the	   starting	  positions	  of	   the	  plateaus	  with	   age;	   this	  
agrees	  with	  the	  Vs	  findings	  discussed	  in	  Section	  10.3.	  The	  lack	  of	  any	  changes	  in	  the	  
plateau	  shapes	  with	  age	  suggested	  that	  the	  chromium	  plating	  process	  was	  effective	  
at	  maintaining	  the	  detector	  performances	  at	  temperatures	  up	  to	  175	  oC.	  
	  
The	  Geiger	  plateaus	  for	  the	  passivated	  detector	  samples	  were	  also	  acquired	  as	  they	  
were	   aged	   at	   a	   temperature	   of	   175	   oC.	   The	   plots	   measured	   before	   the	   ageing	  
process	  commenced	  are	  shown	  in	  Figure	  10.5	  (a).	  
	  
	  
Figures	  10.5:	  Geiger	  plateau	  plots	  for	  the	  passivated	  ZP1200	  detector	  samples	  at	  175	  oC.	  (a)	  –	  at	  the	  
start	  of	  ageing	  ;	  (b)	  –	  after	  accumulating	  1.20	  x	  1010	  counts.	  
	  
The	   initial	  Geiger	  plateau	  plots	   for	   the	  passivated	  detector	   samples	  were	   found	   to	  
produce	  flat	  plateau	  regions	  that	  extended	  beyond	  the	  upper	   limit	  of	  750	  V.	   	  After	  
accumulating	   a	   total	   of	   1.2	   x	   1010	   counts,	   the	   Geiger	   plateaus	   for	   the	   passivated	  
detector	  samples	  were	  then	  reacquired,	  with	  the	  results	  shown	  in	  Figure	  10.5	  (b).	  	  
	  
When	  ageing	   the	  passivated	  detector	   samples	  at	  175	   oC,	  only	  one	  of	   the	   recorded	  
plateau	  plots	  was	  found	  to	  maintain	  its	  shape	  with	  age.	  All	  other	  samples	  exhibited	  a	  
complete	   breakdown	   towards	   the	   higher	   voltage	   of	   their	   plateaus.	   Such	   counting	  
breakdowns	   suggest	   that	   the	   required	   quenching	   effect	   is	   no	   longer	   sufficient.	   A	  
noticeable	   reduction	   in	   the	   length	  of	   the	  plateaus	  was	  also	  observed.	  On	  average,	  
this	   was	   measured	   to	   be	   a	   plateau	   shortening	   of	   (131	   ±	   21)	   V,	   with	   a	   standard	  
deviation	  of	  59	  V.	  A	  reduction	  of	  the	  plateau	  in	  such	  situations	  is	  typically	  linked	  to	  a	  
Page	  137	  	  
drop	  in	  the	  amount	  of	  quench	  gas	  present	  [from	  57	  –	  Centronic].	  At	  higher	  applied	  
voltages,	  the	  amount	  of	  quench	  gas	  remaining	  becomes	  incapable	  of	  quenching.	  As	  a	  
result,	   the	   Geiger	   detector	   will	   enter	   a	   state	   of	   complete	   discharge.	   From	   these	  
findings,	   it	   can	   be	   said	   that	   the	   passivation	   process	   is	   no	   longer	   effective	   at	  
preserving	  the	  detector	  performance	  at	  175	  oC.	  
	  
A	   series	  of	  plateau	  plots	   for	   the	   raw	  detector	  Geiger	   samples	  were	   recorded	  after	  
being	  placed	   in	   the	  environmental	   chamber	  at	  175	   oC.	   The	   results	  obtained	  at	   the	  
start	  of	  the	  ageing	  process	  are	  shown	  in	  Figure	  10.6	  (a).	  
	  
	  
Figures	  10.6:	  Geiger	  plateau	  plots	  for	  the	  raw	  ZP1200	  detector	  samples	  at	  175	  oC.	  (a)	  –	  at	  the	  start	  of	  
ageing	  ;	  (b)	  –	  after	  accumulating	  1.20	  x	  1010	  counts.	  
	  
The	  raw	  detectors	  were	  all	  initially	  found	  to	  produce	  flat	  Geiger	  plateaus	  throughout	  
the	   investigated	   voltage	   range.	   With	   no	   signs	   of	   any	   performance	   deterioration	  
observed,	  the	  raw	  detector	  samples	  were	  continuously	  aged	  at	  175	  oC.	  The	  plateau	  
plots	  recorded	  after	  acquiring	  a	  total	  of	  1.2	  x	  1010	  counts	  are	  shown	  in	  Figure	  10.6	  
(b).	  At	  175	  oC,	  the	  raw	  detector	  samples	  were	  all	  found	  to	  lose	  their	  plateau	  shapes	  
with	   age.	   As	   the	   applied	   voltage	  was	   increased,	   all	   detectors	   suffered	   a	   complete	  
breakdown;	   the	   sample	   labeled	  Raw	  A	   did	  not	  exhibit	   a	   complete	  breakdown,	  but	  
did	  show	  a	  large	  increase	  in	  the	  plateau	  slope.	  A	  large	  drop	  in	  the	  plateau	  length	  was	  
also	  observed	  for	  all	  raw	  detector	  samples.	  On	  average,	  this	  plateau	  length	  reduction	  
was	  measured	  to	  be	  (208	  ±	  23)	  V,	  with	  a	  standard	  deviation	  of	  66	  V.	  The	  change	  in	  
plateau	   length	   for	   the	   raw	   detector	   samples	   was	   found	   to	   be	   larger	   than	   the	  
measured	   change	   for	   the	   passivated	   detectors.	   It	   can	   thus	   be	   said	   that	   the	   raw	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protection	  process	  is	  incapable	  of	  preserving	  detector	  performances	  with	  age	  at	  the	  
higher	  temperature	  of	  175	  oC.	  
	  
Although	   all	   three	   protective	   processes	   showed	   drops	   in	   their	   Vs	   readings	   of	  
comparable	  magnitudes	  over	   the	  ageing	  period	  at	  175	   oC,	  only	   the	  passivated	  and	  
raw	   detectors	   showed	   evidence	   of	   performance	   deterioration.	   The	   performance	  
degradation	   in	  the	  detector	  samples,	  however,	  does	  agree	  better	  with	  the	  findings	  
shown	  in	  Table	  10.2	  that	  consider	  the	  total	  drop	  in	  Vs	  for	  these	  preliminary	  samples.	  
Plated	  GM	  detectors	  showed	  the	   least	  overall	  drop	   in	  Vs	  and	  no	  visible	  changes	   in	  
their	   measured	   plateaus.	   The	   passivated	   and	   raw	   samples	   showed	   the	   greatest	  
drops	  in	  Vs	  and	  also	  the	  most	  noticeable	  changes	  in	  detector	  performance	  from	  their	  
respective	  Geiger	  plateaus.	  While	   the	  passivated	   samples	   showed	  a	   larger	  Vs	  drop	  
than	   their	   raw	   counterparts,	   the	   raw	   Geiger	   plateaus	   seemed	   to	   suggest	   more	  
significant	  performance	   losses	   than	  the	  passivated	  detectors	  when	  aged	  at	  175	  oC.	  
This	   finding	   again	   suggests	   that	   monitoring	   the	   Vs	   alone	   does	   not	   provide	   a	   full	  
indication	  of	  GM	  detector	  performance	  degradation	  with	  age.	  
	  
10.5	   Geiger	  Plateau	  Slope	  Measurements	  
From	  each	  Geiger	  plateau	  plot,	  the	  plateau	  slope	  could	  then	  be	  calculated.	  This	  was	  
carried	   out	   using	   the	   linear	   regression	   technique	   for	   all	   detector	   samples	  
investigated.	   The	   significant	   changes	   in	   the	   plateau	   shapes	   for	   the	   passivated	   and	  
raw	  samples	  have	  already	  been	  highlighted	  in	  Section	  10.4.	  Calculating	  the	  plateau	  
slope	   across	   the	   voltage	   range	   of	   400	   –	   750	   V	  will	   thus	   not	   provide	   a	  meaningful	  
reading.	   The	   plateau	   slopes	   for	   any	   samples	   showing	   performance	   drops	   will	   be	  
calculated	   up	   to	   the	   voltage	   value	   of	   complete	   breakdown.	  Monitoring	   the	   slopes	  
with	  increasing	  age	  will	  also	  help	  to	  determine	  the	  rate	  of	  performance	  degradation.	  
Due	  to	  the	  large	  changes	  in	  slope,	  all	  results	  will	  be	  plotted	  using	  a	  logarithmic	  scale.	  
	  
The	  acquired	  Geiger	  plateau	  plots	   for	   the	  plated	  detectors	  at	  175	   oC	  were	  used	   to	  
study	  any	  changes	  in	  the	  plateau	  slopes	  with	  age.	  The	  obtained	  results	  are	  shown	  in	  
Figure	  10.7.	  
Page	  139	  	  
	  
Figure	   10.7:	   Plateau	   slopes	   with	   age	   for	   the	   plated	   ZP1200	   detector	   samples	   aged	   at	   175	   oC	   to	  
accumulate	  a	  total	  of	  1.2	  x	  1010	  counts.	  The	  uncertainty	  in	  each	  slope	  measurement	  was	  ±0.03	  counts	  
per	  second	  (cps)	  per	  volt.	  
	  
The	  calculated	  slopes	  for	  the	  plated	  detector	  samples	  were	  found	  to	   increase	  after	  
being	  aged	  at	  175	  oC	  to	  accumulate	  1.2	  x	  1010	  counts.	  The	  average	  increase	  in	  slope	  
was	  recorded	  to	  be	  (0.09	  ±	  0.02)	  cps	  per	  V,	  with	  a	  standard	  deviation	  of	  0.04	  counts	  
per	  V.	   These	   changes	   in	   the	   slope	  measurements	   suggest	   that	   the	  plated	  detector	  
samples	  do	  suffer	  some	  performance	  degradation	  as	  they	  are	  aged	  at	  175	  oC.	  
	  
The	  slopes	  for	  the	  passivated	  detector	  samples	  aged	  at	  175	  oC	  were	  also	  calculated	  
from	   their	   corresponding	   Geiger	   plateau	   plots.	   The	   resulting	   slope	   changes	   are	  
shown	  in	  Figure	  10.8.	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Figure	  10.8:	  Plateau	  slopes	  with	  age	   for	   the	  passivated	  ZP1200	  detector	   samples	  aged	  at	  175	   oC	   to	  
accumulate	  a	  total	  of	  1.2	  x	  1010	  counts.	  The	  uncertainty	  in	  each	  slope	  measurement	  was	  ±0.03	  counts	  
per	  second	  (cps)	  per	  volt.	  
	  
Unlike	   the	   plated	   detectors,	   the	   passivated	   detectors	   aged	   at	   175	   oC	   showed	   a	  
significant	   increase	   in	   the	   calculated	   plateau	   slopes	   with	   age.	   Only	   one	   detector	  
sample,	   labeled	   Pass	   H,	   was	   found	   to	   produce	   a	   relatively	   low	   plateau	   slope.	   On	  
average,	  the	  change	  in	  plateau	  slopes	  after	  ageing	  was	  found	  to	  be	  (8	  ±	  2)	  counts	  per	  
V,	  with	  a	  standard	  deviation	  of	  5	  counts	  per	  V.	  Such	  a	   large	  change	   in	   the	  plateau	  
slope,	  suggests	  degradation	  of	  the	  Geiger	  performances	  with	  age.	  	  
	  
The	   final	   set	   of	   plateau	   slopes	   for	   the	   raw	   samples	   aged	   at	   175	   oC	   were	   also	  
calculated	   with	   increasing	   age.	   The	   changes	   in	   the	   obtained	   slope	   values	   were	  
observed	  as	  the	  detector	  samples	  were	  aged	  for	  1.2	  x	  1010	  counts;	  the	  relevant	  plots	  
are	  shown	  in	  Figure	  10.9.	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Figure	   10.9:	   Plateau	   slopes	   with	   age	   for	   the	   raw	   ZP1200	   detector	   samples	   aged	   at	   175	   oC	   to	  
accumulate	  a	  total	  of	  1.2	  x	  1010	  counts.	  The	  uncertainty	  in	  each	  slope	  measurement	  was	  ±0.03	  counts	  
per	  second	  (cps)	  per	  volt.	  
	  
All	  raw	  detector	  samples	  investigated	  showed	  a	  significant	  rise	  in	  the	  slopes	  of	  their	  
Geiger	  plateaus.	  The	  average	  increase	  in	  slope	  was	  calculated	  to	  be	  (16	  ±	  3)	  cps	  per	  
V,	   with	   a	   standard	   deviation	   of	   10	   cps	   per	   V.	  When	   comparing	   the	   raw	   detector	  
samples	  to	  the	  passivated	  detectors,	  more	  of	  the	  raw	  Geiger	  detectors	  were	  found	  
to	   suffer	   significant	   performance	   deteriorations	   at	   175	   oC.	   Both	   detector	   types,	  
however,	   seemed	   to	   suffer	   their	   performance	   degradation	   over	   similar	   ageing	  
intervals.	  
	  
10.6	   Detector	  Operating	  Count	  Rate	  and	  Ambient	  Operating	  Count	  Rate	  
Measurements	  
The	  operating	  count	  rate	  readings	  and	  ambient	  count	  rates	  for	  all	  samples	  at	  175	  oC	  
were	   recorded	   with	   increasing	   age.	   It	   should	   be	   noted	   that	   these	   measurements	  
were	  taken	  at	  175	  oC.	  This	  process	  was	  carried	  out	  by	  using	  a	  suitable	  counter,	  with	  a	  
voltage	  of	  500	  V	  was	  applied	  across	  the	  detectors.	  The	  ambient	  count	  rates	  at	  175	  oC	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were	   also	   measured	   as	   the	   detector	   samples	   accumulated	   counts.	   The	   voltage	  
applied	  to	  measure	  the	  ambient	  count	  rates	  was	  similarly	  500	  V.	  
	  
The	  operating	  count	  rate	  count	  rates	  of	   the	  plated	  detectors	  were	  acquired	  as	   the	  
samples	  were	  aged	  at	  175	  oC.	  The	  results	  are	  shown	  in	  Figure	  10.10.	  
	  
	  
Figure	  10.10:	  Operating	  count	  rate	  measurements	  for	  all	  plated	  ZP1200	  Geiger	  samples	  aged	  at	  175	  
oC.	  The	  uncertainty	  in	  each	  value	  is	  equivalent	  to	  ±10%	  of	  the	  operating	  count	  rate	  reading.	  
	  
All	   detector	   samples	   maintained	   constant	   operating	   count	   rates	   throughout	   the	  
ageing	   process.	   That	   is,	   the	   readings	   were	   found	   to	   fluctuate	   only	   within	   the	  
measurement	   uncertainty.	   This	   result	   agreed	  well	  with	   the	   plated	   detector	  Geiger	  
plateaus	  discussed	   in	  Section	   10.4,	  which	   remained	   relatively	   flat	   at	   the	  operating	  
voltage	  of	  500	  V.	  
	  
The	   ambient	   count	   rates	   were	   also	   recorded	   with	   age	   for	   all	   plated	   detector	  
samples.	  To	  record	  these	  values,	  the	  temperature	  of	  the	  tubes	  was	  kept	  at	  175	  oC	  in	  
the	  absence	  of	  a	  radiation	  source;	  the	  results	  are	  shown	  in	  Figure	  10.11.	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Figure	  10.11:	  Ambient	  operating	  count	  rate	  measurements	  for	  all	  plated	  ZP1200	  Geiger	  samples	  aged	  
at	  175	  oC.	  The	  uncertainty	  in	  each	  value	  is	  equivalent	  to	  ±10%	  of	  the	  operating	  count	  rate	  reading.	  
	  
The	  majority	  of	  plated	  detectors	  were	  found	  to	  exhibit	  rising	  ambient	  count	  rates	  as	  
they	  were	   aged	   at	   175	   oC;	   two	   detectors,	   labeled	  Plated	  G	   and	  Plated	  H,	   showed	  
unchanging	  ambient	  count	  rates.	  This	  effect	  was	  discovered	  to	  be	  as	  a	  result	  of	  the	  
increase	   in	   temperature.	  At	  each	  ageing	   interval,	   the	   temperature	  was	  dropped	   to	  
room	   temperature	   to	   again	   measure	   the	   corresponding	   ambient	   rate	   for	  
comparison.	   At	   room	   temperature,	   all	   detectors	   produced	   count	   rates	   of	   under	   1	  
count	   per	   second.	   The	   rising	   ambient	   count	   rates	   at	   an	   elevated	   temperature,	  
however,	   did	   not	   seem	   to	   have	   any	   impact	   on	   the	   corresponding	   operating	   count	  
rate	  measurements.	   It	   is	   thought	   that	   the	   cause	   of	   the	   ambient	   counts	   is	  masked	  
when	   measuring	   relatively	   high	   levels	   of	   radiation	   due	   to	   it	   falling	   within	   the	  
uncertainty	  of	  the	  operating	  count	  rate	  readings.	  It	  is	  expected	  that,	  in	  the	  presence	  
of	  lower	  radiation	  dose	  rates,	  such	  ambient	  count	  levels	  will	  have	  a	  more	  noticeable	  
impact.	  
	  
The	   operating	   count	   rate	   of	   all	   passivated	   detector	   samples	   were	   also	   routinely	  
measured	   as	   they	  were	   aged	   at	   175	   oC.	   The	   obtained	   results	   are	   shown	   in	   Figure	  
10.12.	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Figure	  10.12:	  Operating	  count	  rate	  measurements	  for	  all	  passivated	  ZP1200	  Geiger	  samples	  aged	  at	  
175	  oC.	  The	  uncertainty	  in	  each	  value	  is	  equivalent	  to	  ±10%	  of	  the	  operating	  count	  rate	  reading.	  
	  
	  
In	  general,	  the	  passivated	  detector	  operating	  count	  rates	  showed	  no	  large	  changes,	  
within	   uncertainty,	   throughout	   the	   ageing	   period	   at	   175	   oC.	   Although	   significant	  
performance	  deterioration	  was	  witnessed	  when	  previously	  discussing	  the	  passivated	  
Geiger	  plateau	  plots	  in	  Section	  10.2,	  the	  operating	  count	  rate	  measurement	  voltage	  
of	  500	  V	  was	  still	  within	   the	   remaining	  plateau	   region.	   It	   is	   for	   this	   reason	   that	  no	  
significant	   changes	   were	   observed	   when	   investigating	   the	   operating	   count	   rate	  
readings.	  
	  
As	  each	  passivated	  detector	  operating	  count	  rate	  reading	  was	  recorded	  at	  175	  oC,	  a	  
corresponding	  ambient	  count	  reading	  was	  also	  measured.	  The	  results	  obtained	  are	  
shown	  below	  in	  Figure	  10.13.	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Figure	  10.13:	  Ambient	  operating	  count	  rate	  measurements	  for	  all	  passivated	  ZP1200	  Geiger	  samples	  
aged	   at	   175	   oC.	   The	   uncertainty	   in	   each	   value	   is	   equivalent	   to	   ±10%	   of	   the	   operating	   count	   rate	  
reading.	  
	  
	  
The	  measured	   ambient	   rates	   of	   the	   passivated	  detectors	   at	   175	   oC	  were	   found	   to	  
gradually	   increase	  with	  age;	  this	  was	  very	  similar	  to	  the	  phenomenon	  observed	  for	  
the	   plated	   detector	   samples.	   It	   was	   again	   noticed	   that	   this	   increasing	   ambient	  
counting	   seemed	   to	   have	   no	   direct	   relation	   to	   any	   increases	   in	   the	   detector	  
operating	  count	  rate.	  After	  reducing	  the	  temperature	  of	  the	  environmental	  chamber	  
to	  room	  temperature	  at	  each	  ageing	  interval,	  the	  ambient	  counts	  were	  again	  always	  
found	  to	  drop	  to	  below	  1	  cps.	  
	  
The	   detector	   operating	   count	   rates	   of	   the	   third	   and	   final	   raw	   protective	   process	  
samples	  were	  also	  considered	  with	  increasing	  age	  at	  175	  oC.	  The	  resulting	  plots	  are	  
shown	  in	  Figure	  10.14.	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Figure	  10.14:	  Operating	  count	  rate	  measurements	  for	  all	  raw	  ZP1200	  Geiger	  samples	  aged	  at	  175	  oC.	  
The	  uncertainty	  in	  each	  value	  is	  equivalent	  to	  ±10%	  of	  the	  operating	  count	  rate	  reading.	  
	  
In	  this	  case,	  three	  detectors,	  labeled	  Raw	  F,	  Raw	  H	  and	  Raw	  J,	  were	  found	  to	  exhibit	  
significantly	   rising	   operating	   count	   rate	   values.	   The	   average	   change	   for	   these	  
detectors	  was	  measured	  to	  be	  (28275	  ±	  4271)	  counts,	  with	  a	  standard	  deviation	  of	  
7397	  counts.	  Such	  high	  count	  rates	  are	  often	  beyond	  the	  counting	  capabilities	  of	  the	  
detectors	  and	  signify	  a	  complete	  breakdown	   in	  the	   ionization	  gas.	  When	  observing	  
the	  plateaus	  of	  these	  particular	  detectors,	  it	  was	  also	  found	  that	  the	  plateau	  length	  
had	  shortened	  to	  a	  value	   lower	  than	  the	  500	  V	  operating	  count	  rate	  measurement	  
voltage.	   The	   remaining	   five	   detectors	   showed	   no	   significant	   changes,	   within	  
uncertainty,	   in	  their	  operating	  count	  rate	  measurements.	  Although	  these	  detectors	  
also	   showed	   significant	   performance	   deterioration	   in	   their	   Geiger	   plateaus,	   the	  
remaining	   plateau	   region	   still	   included	   the	   operating	   count	   rate	   measurement	  
voltage	  of	  500	  V.	  
	  
The	   ambient	   count	   rates	   of	   the	   raw	   detector	   samples	   were	   recorded	   at	   different	  
ageing	  intervals	  when	  held	  at	  175	  oC.	  The	  obtained	  results	  are	  shown	  below	  in	  Figure	  
10.15.	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Figure	  10.15:	  Ambient	  operating	  count	  rate	  measurements	  for	  all	  raw	  ZP1200	  Geiger	  samples	  aged	  at	  
175	  oC.	  The	  uncertainty	  in	  each	  value	  is	  equivalent	  to	  ±10%	  of	  the	  operating	  count	  rate	  reading.	  
	  
Similar	   to	   all	   other	   detector	   types,	   the	   ambient	   count	   rates	   of	   the	   raw	   Geiger	  
detectors	  at	  175	  oC	  were	  mostly	  found	  to	   increase	  with	  age.	  Two	  detectors,	  Raw	  B	  
and	  Raw	  F,	  however,	  were	  found	  to	  have	  stable	  ambient	  count	  rates.	  
	  
At	   each	   ageing	   interval,	   the	   ambient	   count	   rates	   were	   also	   measured	   at	   room	  
temperature.	  The	  resulting	  ambient	  count	  rates	  were	  initially	  found	  to	  drop	  below	  1	  
cps.	   However,	   after	   accumulating	   1.2	   x	   1010	   counts,	   all	   the	   raw	   detector	   samples	  
exhibited	  high	  ambient	  counting	  rates	  identical	  to	  the	  ones	  measured	  at	  175	  oC	  even	  
at	  room	  temperature.	  This	   implied	  that	  the	  samples	  had	  suffered	  some	  permanent	  
performance	   deterioration.	   The	   mechanism	   behind	   this	   effect	   is	   expected	   to	   be	  
different	  to	  the	  initial	  rising	  and	  falling	  ambient	  count	  measurements	  with	  increasing	  
temperature.	  On	  average,	  the	  room	  temperature	  raw	  detector	  ambient	  count	  rates	  
were	   measured	   to	   be	   (108	   ±	   41)	   cps,	   with	   a	   standard	   deviation	   of	   116	   cps.	   This	  
phenomenon	  was	  not	  observed	  for	  the	  plated	  and	  passivated	  detectors.	  It	  is	  thought	  
that	   this	  permanent	  effect	  might	  be	  due	   to	  an	   inadequate	  quantity	  of	  quench	  gas	  
remaining	  in	  the	  detector	  enclosures.	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10.7	   Geiger-­‐Müller	  Fill	  Gas	  Analysis	  
10.7.1	   Design	  of	  Gas-­‐Analysis	  System	  
As	   the	   quench	   gas	   depletes	  within	   a	  Geiger	   detector,	   its	   subsequent	   performance	  
begins	  to	  deteriorate.	  In	  order	  to	  produce	  a	  successful	  quench	  gas	  depletion	  model,	  
a	  vital	  tool	  will	  be	  the	  ability	  to	  monitor	  the	  changing	  quantity	  of	  the	  halogen	  quench	  
gas	  present.	  While	  this	  effect	  can	  also	  be	  studied	  based	  on	  the	  various	  operational	  
parameters,	   such	   as	   the	   Vs	   readings	   with	   age,	   these	   parameters	   seem	   to	   only	  
provide	   a	   non-­‐quantifiable	   indication	   some	   quench	   gas	   depletion	   has	   occurred.	  
Unfortunately,	   due	   to	   the	   sealed	   design	   of	   the	   ZP1200	   detectors,	   monitoring	   the	  
quench	  gas	   in	   real	   time	  within	   the	  detector	  as	   it	   is	   aged	   is	   impossible.	   In	  order	   to	  
circumvent	  this	  problem,	  duplicate	  samples	  can	  be	  prepared	  in	  parallel	  to	  the	  aged	  
detectors	  used	  for	  surface	  characterisation	  investigations.	  That	  is,	  multiple	  detectors	  
can	  be	  aged	   identically	  depending	  on	   the	   requirements	  of	   the	   investigation.	  These	  
detectors	   will	   then	   be	   split	   evenly	   between	   gas	   analysis	   samples	   and	   surface	  
characterisation	  samples.	  
	  
Due	  to	  the	  minimal	  quantities	  of	  quench	  gas	  present	  in	  all	  Geiger	  counters,	  carrying	  
out	  a	  successful	  gas	  analysis	  must	  take	  several	  factors	  into	  consideration.	  The	  main	  
components	  required	  for	  any	  gas	  analysis	  system	  are	  a	  series	  of	  pumps	  to	  produce	  a	  
suitable	   contaminant-­‐free	   vacuum	   environment	   and	   also	   a	   suitable	   mass	  
spectrometer	   head	   sensitive	   enough	   to	   detect	   the	   elements	   of	   interest.	   It	   is	   also	  
important	  for	  this	  mass	  spectrometer	  to	  have	  a	  wide	  enough	  mass	  range	  to	  be	  able	  
to	   identify	   the	   expected	   constituents	   of	   the	   detector	   gases.	   When	   the	   basic	  
elements	  are	  in	  place,	  the	  remainder	  of	  the	  gas	  analysis	  system	  must	  be	  designed	  for	  
the	  required	  application;	  in	  this	  case,	  this	  application	  is	  the	  monitoring	  of	  quench	  gas	  
levels	  within	  Geiger	  counters	  as	  they	  are	  aged.	  
	  
A	  primary	  concern	  that	  must	  be	  taken	   into	  account	   is	   the	  small	  amount	  of	  quench	  
gas	  present	  within	  each	  detector.	   If	   this	   gas	  were	   lost	  or	   contaminated	  during	   the	  
measurement	   process,	   it	   would	   lead	   to	   false	   readings	   and	   a	   corresponding	   set	   of	  
erroneous	   conclusions.	   As	   such,	   a	   vacuum	   chamber	   that	   can	   easily	   be	   sealed	   off	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must	  be	  used	  to	  contain	  the	  samples	  to	  be	  investigated.	  The	  pump	  system	  can	  then	  
be	  easily	  valved	  off	  to	  avoid	  losing	  the	  detector	  fill	  gas	  to	  the	  pump.	  The	  detector	  fill	  
gas	  can	   then	  be	  gradually	   filtered	   through	   the	  system	  to	  be	  analysed.	   It	   should	  be	  
noted	  that	  even	  relatively	  small	  quantities	  of	  gas	  (pressures	  greater	  than	  10-­‐4	  Torr)	  
can	   overload	   the	   mass	   spectrometer	   and	   great	   care	   must	   be	   taken	   to	   avoid	  
damaging	  the	   instrumentation.	  A	  schematic	  diagram	  of	  a	   test	  setup	  considered	  for	  
gas	  analysis	  is	  shown	  in	  Figure	  10.16.	  
	  
	  
Figure	  10.16:	  Schematic	  diagram	  for	  gas-­‐analysis	  pump	  system	  to	  investigate	  the	  depletion	  
of	  halogen	  quench	  gas.	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Several	  external	  companies	  have	  been	  contacted	  to	  try	  and	  detect	  the	  presence	  of	  
bromine,	   however,	   due	   to	   the	   unsuitable	   limitations	   of	   their	   equipment,	   the	  
investigations	   were	   unsuccessful.	   Because	   a	  mass	   spectrometer	   head	  was	   already	  
available	   for	   use	   at	   Centronic,	   all	   that	   was	   required	   to	   create	   a	   functional	   gas	  
analysis	   system	  was	  a	   suitable	  pump	  system.	  While	  a	  dedicated	  pump	  system	  was	  
not	  available	   for	   these	  gas	   investigations,	   to	  verify	   the	  capabilities	  of	   the	  available	  
mass	   spectrometer	   head,	   it	   was	   attached	   to	   a	   temporary	   pump	   system.	   The	  
temporary	   gas	   analysis	   pump	   system	   utilised	   for	   these	   investigations	   is	   shown	   in	  
Figure	  10.17.	  
	  
	  
Figure	   10.17:	   The	   temporary	   gas	   analysis	   system	   used	   to	   qualify	   the	   capabilities	   of	   the	   mass	  
spectrometer	  head	  available	  at	  Centronic.	  
	  
10.7.2	   Qualification	  of	  Gas-­‐Analysis	  System	  
One	   of	   the	   most	   common	   methods	   by	   which	   the	   nature	   of	   a	   certain	   gaseous	  
substance	  can	  be	  identified	  is	  through	  a	  mass	  spectrometer.	  By	  connecting	  the	  mass	  
spectrometer	  head	  to	  a	  suitable	  pump	  system,	  it	  is	  possible	  to	  measure	  the	  purity	  of	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a	   gas	   (in	   terms	   of	   any	   contaminants	   present).	   The	   corrosive	   nature	   of	   bromine	  
quench	   gas	   often	   leads	   to	   its	   investigation	   requiring	   dedicated	   equipment	   and	  
tooling.	  It	  is	  for	  this	  reason	  that	  no	  bromine	  investigations	  could	  be	  carried	  out	  using	  
the	  available	  equipment.	  
	  
To	   qualify	   the	   suitability	   of	   the	   mass	   spectrometer	   head,	   several	   pure	   gases	   of	  
different	   mass	   ranges	   were	   considered.	   These	   gases	   were	   chosen	   to	   be	   argon,	  
krypton	  and	  xenon.	  The	  selection	  process	  was	  carried	  out	  in	  order	  to	  cover	  as	  wide	  a	  
spectrum	  on	   the	  mass	   scale	   as	   possible.	   That	   is,	   the	   argon	   (mass	   of	   40	   amu)	  was	  
selected	   to	   highlight	   the	   lower	   mass	   capabilities	   of	   the	   mass	   spectrometer,	   the	  
xenon	   (mass	  of	  131	  amu)	  was	  chosen	   for	   the	  higher	  mass	  capabilities	  and	  krypton	  
(mass	  of	  80	  amu)	  was	  considered	  as	  a	  midway	  mass	  point.	  While	  it	  would	  have	  been	  
beneficial	   to	   also	   consider	   bromine,	   its	   corrosive	   nature	   may	   have	   risked	  
contaminating	  the	  temporary	  pump	  system	  that	  is	  also	  used	  for	  other	  applications.	  
However,	  given	  the	  mass	  of	  diatomic	  bromine	  is	  160	  amu,	  this	  still	  falls	  within	  the	  0	  -­‐	  
200	  amu	  detection	  range	  of	  the	  mass	  spectrometer	  and	  is	  expected	  to	  be	  detected.	  	  
	  
In	  all	  three	  cases,	  the	  system	  was	  able	  to	  successfully	  identify	  the	  minimal	  quantities	  
of	  the	  test	  gases	  introduced	  into	  the	  system.	  The	  mass	  spectra	  acquired	  from	  these	  
investigations	  are	  shown	  in	  Figures	  10.18	  –	  10.22.	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Figure	  10.18:	  Mass	  spectrum	  of	  argon	  gas.	  
	  
Figure	  10.19:	  Mass	  spectrum	  of	  krypton	  gas.	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Figure	  10.20:	  Mass	  spectrum	  of	  Xenon	  gas	  for	  the	  lower	  mass/charge	  peaks.	  	  
	  
Figure	  10.21:	  Mass	  spectrum	  of	  Xenon	  gas	  for	  the	  higher	  mass/charge	  peaks.	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Figure	  10.22:	  Mass	  spectrum	  of	  system	  contamination.	  
	  
In	  addition	  to	  the	  test	  gases,	  the	  system	  was	  also	  able	  to	  detect	  the	  trace	  quantities	  
of	  contaminants	  present	   in	   the	  system.	  These	   included	  the	  traditional	  components	  
of	  air	  as	  well	   as	   rotary	  pump	  oil,	   as	  highlighted	   in	  Figures	   10.18,	  10.19	   and	  10.22.	  
The	  acquired	  results	  showed	  that	  not	  only	  is	  the	  available	  mass	  spectrometer	  head	  
capable	  of	  picking	  up	  the	  undesirable	  contaminants	  in	  a	  system,	  but	  it	  is	  also	  able	  to	  
do	  so	  to	  a	  very	  high	  level	  of	  operating	  count	  rate	  (pressures	  as	  low	  as	  10-­‐12	  millibars,	  
as	  quoted	   in	   the	  operating	  manual).	   The	  highly	   sensitive	  detection	   capabilities	  will	  
serve	   as	   a	   vital	   component	   for	   any	   fault	   finding	   when	   investigating	   any	   potential	  
factors	  influencing	  the	  lifetime	  of	  the	  detectors.	  In	  the	  case	  of	  this	  temporary	  pump	  
system,	  the	  source	  of	  these	  detected	  contaminants	  is	  due	  to	  residual	  elements	  from	  
previous	   applications.	   With	   a	   suitable	   pump	   system	   established	   for	   bromine	  
detection,	  a	  more	  quantifiable	  quench	  gas	  depletion	  model	  can	  be	  established	  with	  
age	  at	  different	   temperatures.	   It	   is	   expected	   that	   the	  available	  mass	   spectrometer	  
head	  is	  suitable	  for	  this	  application.	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11.	   Future	  of	  the	  Project	  
11.1	   Structure	  of	  Chapter	  
This	   chapter	  will	   propose	  work	   that	   can	   be	   carried	   out	   to	   build	   upon	   the	   findings	  
obtained	  from	  investigating	  the	  three	  different	  surface	  preparation	  techniques	  with	  
age	  and	  temperature.	  
	  
11.2	   Future	  Investigations	  
The	  preliminary	  175	  oC	  ageing	   investigations	  have	  shown	  significant	  changes	   in	  the	  
operational	   parameters	   of	   the	   passivated	   and	   raw	   Geiger	   detector	   samples.	   This	  
suggests	  a	   large	  deterioration	   in	  detector	  performance	  with	  age.	  As	  a	   result,	   these	  
protective	   mechanisms	   are	   deemed	   ineffective	   at	   such	   temperatures.	   The	   plated	  
detectors	  showed	  a	  drop	  in	  their	  starting	  voltages	  and	  only	  a	  slight	  change	  in	  their	  
plateau	   slope	   values;	   however,	   all	   other	   performance	   characteristics	   remained	  
stable	   with	   increasing	   counts.	   These	   initial	   results	   show	   the	   importance	   of	   the	  
plating	  layer	  at	  elevated	  temperatures.	  
	  
11.2.1	   Surface	  Analysis	  of	  175	  oC	  Samples	  
In	  an	  attempt	  to	  link	  to	  the	  performance	  deterioration	  to	  reactions	  with	  the	  internal	  
detector	   components,	   a	   series	   of	   surface	   analysis	   investigations	   from	   different	  
ageing	   intervals	   can	   be	   planned	   for	   the	   future.	   The	   investigations	   carried	   out	   at	  
temperatures	  of	  up	  to	  125	  oC,	  and	  discussed	  in	  Chapter	  8,	  had	  shown	  no	  evidence	  of	  
increasing	   bromine	   deposits	   with	   age.	   However,	   the	   significant	   performance	  
deterioration	  of	  the	  detector	  samples	  when	  aged	  at	  175	  oC	  suggests	  more	  reactions	  
between	  the	  quench	  gas	  and	  internal	  detector	  components	  may	  have	  occurred.	  It	  is	  
then	   expected	   to	   find	   a	   greater	   content	   of	   bromine	   present	   on	   the	   investigated	  
surfaces.	  If	  this	  is	  not	  found	  to	  be	  the	  case,	  then	  further	  investigations	  can	  be	  carried	  
out	  to	  determine	  the	  cause	  of	  the	  quench	  gas	  depletion.	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11.2.2	   Gas	  Analysis	  of	  Ageing	  Samples	  
Gas	   analysis	   techniques	   have	   also	   been	   considered	   to	   study	   the	   depletion	   of	  
bromine	  quench	  gas.	  Initial	  investigations	  have	  not	  been	  successful	  in	  identifying	  the	  
minimal	  quantities	  of	  bromine	   included	   in	   the	   fill	   gas	  mixture;	   this	  was	  due	   to	   the	  
operating	   count	   rate	   of	   the	   Residual	   Gas	   Analyser	   (RGA)	   equipment	   used	   by	   the	  
companies	   considered.	   It	   is	   for	   this	   reason	   that	   a	  more	   sensitive	   RGA	   available	   at	  
Centronic	   was	   considered	   for	   use	   for	   some	   in-­‐house	   testing.	   Measuring	   the	   gas	  
levels	   contained	   within	   the	   detector	   samples	   at	   different	   ageing	   intervals	   can	  
provide	   a	   quantitative	   representation	   of	   the	   quench	   gas.	   The	   halogen	   quantity	   is	  
known	  to	  relate	  to	  the	  measured	  Vs	  value.	  However,	  investigating	  the	  Vs	  values	  with	  
age	   only	   seems	   to	   provide	   an	   indication	   that	   some	   quench	   gas	   depletion	   has	  
occurred,	  as	  has	  been	  shown	  in	  the	  GM	  operational	  parameter	  results	  discussed	  in	  
Chapter	   7	   and	   Chapter	   10.	   Quantifying	   such	   changes	   can	   help	   to	   link	   the	  
performance	  degradation	  of	  GM	  detector	  samples	  to	  exact	  reductions	  in	  the	  amount	  
of	  quench	  gas	  present.	  
	  
11.2.3	   Rising	  Ambient	  Operating	  Count	  Rate	  Effect	  at	  175	  oC	  
The	  rising	  ambient	  count	  rates	  with	  increasing	  temperature	  can	  also	  be	  investigated	  
further.	   This	   effect	   seems	   to	  be	  only	   dependent	   on	   the	   temperature	   at	  which	   the	  
measurements	  are	  carried	  out.	  The	  raw	  detectors	  exhibited	  high	  count	  rates	  even	  at	  
room	  temperature	  towards	  the	  end	  of	  the	  ageing	  period.	  However,	  this	  is	  thought	  to	  
be	   due	   to	   the	   significant	   performance	   deterioration	   for	   the	   samples.	   These	  
investigations	   can	  also	  help	   to	  determine	   the	  exact	   conditions	  under	  which	   such	  a	  
phenomenon	  occurs.	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